AD-A213  625 


( 


QUARTERLY  REFORT 
ON 

LONG  ENDURANCE  UNDERWATER  POWER  SYSTEM 


(July,  \9%9  Kt  September  I989) 


Cootroci  No  NOOOU  87-C-0335 


PREPARK)  BY 
AQl  ’AN Aimes  COHPOHATfON 
m  ATUMK  AVENUE.  i»IOI 
AIAMEDA.CA  mOI 


Apprc»x"«jl  for  PuNkt  Release 
DismbuiioR  Unltmitol 


89  10  24  237 


TaWe  of  Contents 


Page  No. 


1. 

2. 


3 


Exeoitive  Summar>’ 


1 


Power  Source  Compansons . 

2.1  Sunmary . 

2.2  inuoduction . 

2.3  Options . 

2 . 4  Detailed  Entrg/  Density  GJcalauoi  is . 

2  4  1  Thermodynamic  Requ^rcnicnt . 

2.4.2.  Losses  . 

2.4.3  O'her  Components . . 

2.4.4  Li-S0C12  System, . 

2  4  5  AL.-DC»S  (Aluminum  Dissolved  Oxygen ) . 

2.4.6  AL-Carher  (Aluminuni  Carrier  Batterv ) . 

2.4  7  ALWATI  (Aluminum  Seawater  Sattety) . 

2.4.8  ALWATT-GFFC . 

2.5  Companscn  of  Weights  and  Volumes  for  a  iOW.  5  yeai  System 


.X. 

2 

,3 

8 

11 

12 

13 

13 

14 

15 
’6 

17 

18 


Work  Towards  Carrier  Feed  Fuel  Cell 


20 


4.  Work  Towards  AL  -Camer  Eattoy . 22 

5  -\LW  ATT  Battery- . 23 

6 .  Work  Td^arcls  Carner . 24 

6  1  Experimentals  .  24 

6 . 2  Workplan  for  Next  Owaner . 25 

7.  GiH . . 26 

7.1  Introduction . 26 

7.2  Background .  . 26 

7 . 3  Expenmental  Setup . 27 

7  4  Procedure  .  28 

7  5  Results . 29 

7.6  Discussion  . 33 

7.6  1  Oxygen  Flu* . 33 

7.62  Seawater  Pumping  Power . Tt 

7  6  3  Conipanson  With  Model  Predictions .  . 35 

7  6  4  Problems  Encountered  in  Expenmenis  . 36 

7  7  Conclusions  . 36 

7  8  Work  Planned  for  Next  Quarter .  37 

Appendix  I . 38 

Appendix  2  ..  ,  . . 39 


Long  Enduranc;  Underwater  Pow-er  System 
Aquanautics  Conx?ration _ 


Qaanerly  Report 
_1989 


1 .  EXECUTIVE  SUMMARY 

C  unng  the  last  quarter,  work  was  mainly  carried  out  in  five  areas: 

i .  Power  Source  Concepts 

!  Power  Source  Experimentations 

< .  C.iptimization  of  the  ALVVATT  Batteries 

4.  Corner 

5.  Gill 

In  cooperation  uith  personnel  from  Alupower  Inc.,  we  have  investigated  various  options  to 
generate  power  using  aluminum  as  fuel  and  gill  technology  to  extract  oxygen.  The 
advantages  and  di*  advantages  of  a  few  of  the  options  were  looked  into  and  the  energy 
densities  were  calculated.  The  power  source  scheme.  ALWATT-CFFC,  under 
development  by  Aquanautics  can  enhance  the  energy  density'  of  ALWATT.  an  aluminum- 
seawater  batters .  to  4000  Wh/1  from  approximately  2000  Wh/1.  This  is  accomplished  by 
oxidizing  H2  generated  from  ALVVATT  in  a  fuel  cell  with  oxygen  from  seawater 

transported  by  Aquanautics  proprietary  carrier. 

In  another  scheme,  the  AL-Camcr  battery,  aluminum  is  oxidized  directly  in  a  battery  with 
the  oxygenated  canier.  This  system  is  simpler  and  the  energy-  density  could  still  be  higher 
than  the  ALWATT-CFFC.  But  this  system  has  not  been  developed  to  any  extent.  It  is  to 
be  noted  lhai  all  these  energy  density  figures  arc  calculated  with  major  assumptions  about 
perfomiancc  of  'iie  systems  In  the  last  quaner  a  considerable  amount  of  work  was  carried 
out  in  a  CFFC  and  efficiency  has  been  impa>Ycd  to  28%  from  18%.  Stability  of  the 
performance  will  be  checked  in  the  next  quaner.  Some  experiments  on  the  AL-camcr 
showed  feasibility  although  the  long-term  pcrtormancc  has  not  been  established  yet. 

The  ALWATT  battery  which  produces  hydrogen  has  been  optimized  to  yield  an  energy 
density  of  about  2000  Wh/1 

Longevity  studies  with  earners  showed  that  the  lifetime  of  earner  72  was  related  10  the 
concentration  of  free  oxygen  dissolved  in  the  carrier.  The  bound  oxygen  is  not  responsible 
for  the  degradation  Since  the  free  oxygen  conccntiaiton  cannot  be  higher  than  that  in 
seawater  for  the  gill,  die  implication  is  therefore  that  underwater  operation  favors  the  earner 
Ufeume 

Two  membrane  carindgcs  {out  of  eight  ordered)  were  obtained  fioni  AMT  and  were  tested. 
The  cartndges  leaked  arid  therefore  the  results  obtained  were  not  reliable.  Ihcy  will  be 
repaired  and  re  tested  In  the  rneanttme.  the  otner  cartridges  have  v^en  procured  and  will 
be  tested  this  quarter  . 
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2.  POWER  SOURCE  COMPARISONS 
2.1  Summary 

In  this  section  four  possible  power  soiuce  designs  utilizing  aluminurn  as  /if-srrilvd 

Their  projected  volumetric  energy  densities  woe  calculate  to  be  about  5  to  10  tinws  that  of 
tlie  lithium  thionyl  chloride  battery.  These  are  tabulated  below  ; 


System 

Wh/1 

Wh/kg 

Comments  Regaroing 
System  Components 

Lithium  Thionyl  Chlcsndc  G^i-SOCi2;  Bancry 

430 

330 

no  moving  pirts 

Aluminum  Seawater  (ALWATT)  Battery 

2300 

1000 

no  moving  parts 

Aluminum  Dissolved  Oxygen  (AL-DOS)  Battery 

2900 

1400 

seawater  pump 

Aluminum  Carrier  (AL-C^er)  Battery 

4600 

2200 

seaw  atcr  pump 
carrier  jHimp  and  gill 

j  Alwatt  earner  Feed  Fuel  Cel)  (ALWATT  CFFQ 

1 

3800 

1900 

same  as  AL ‘Carrier 
plus  fuel  cell 

System 

Major  Assumptions 

.A1  DOS 

37%  pow-crefRciency  and  30%  power 

consumption  by  seawater  pump 

AL- Carrier 

47%  cfFicicncv 

ALWATT-CFFC 

57%  fuel  cell  efficiency 

These  calculauons  w^re  earned  out  by  Alupower  arid  Atmanautics  personnel  .Aluminum 
utilizaotMi  efficiency  m  the  four  schemes  is  taken  to  be  80%. 

2.2  Introduction 

Developing  a  high  energy  density  electrochemical  power  source  for  onderwater  use 
requires  the  foUowang  considmtions; 

1 )  Energy  of  reaction 

2 )  Reactants  to  be  earned 

3)  Ancillary  components  to  be  carried 

4)  Depth 

5)  Tanpemmne 

6}  Reliability  of  the  system 
7)  Endurance  required 

The  following  discussion  is  related  to  a  long  endurance  (1-5  years).  5  •  100  W  i«i  output 
system  For  land  use  one  would  use  a  small  &escl  engine  w’rih  an  occasional  llU  up  of  fuel 
or  if  cost  is  IX)  concern,  one  would  pthaps  use  iheULhium  thionyl  chlondc  bascry.  The 
lithium  thionyl  chlondc  (Li  SCXTi)  oaitcry  is  om  of  the  most  powerful  prunary  battery 
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systems  (see  Figure  2  1)  with  energy  densities  of  1000  Wh./1  and  500  Wh/kg^ '  .  Another 
alternative  is  to  use  a  SPE  fuel  cell  with  methanol  refomscr  or  metal  hydride  as  a  fuel 
source  Reference  1  also  deals  with  such  options  (p.  42.1  -  42.17).  The  other  alternative 
IS  the  metal  air  battery.  In  this  case,  eiecco-lytc  and/'or  metal  must  be  replaced  regularly  to 
ensure  a  practical  system  For  long  endurance,  the  fuel  cell  becomes  a  very  viable  system 
(see  Figure  2.2). 

On  land,  the  use  of  a  fuel  cell  has  its  advantages  as  the  oxidant.  O2.  is  plentiful  in  air  and 
one  would  only  need  to  carrs  fuel  Under  water,  this  advantage  can  only  be  retained  if 
there  is  an  efficiem  nnxiess  for  hames'ing  o-.ygen  from  seawater.  The  Aquanautics  gill 
technologs  deve'opment  is  an  attempt  in  this  direction.  Because  of  the  presence  of 
seaw  ater,  a  conducting  electrolyte,  there  are  other  possible  options. 

2.3  Options 

A  power  source  evolution  route  started  with  the  Li-SOCl;  (best  primary  battery  )  and  ended 
with  the  ALWATT-QTC  or  AL-Camer  battery  as  shown  in  Figure  2.3  The  systems  at 
the  end  have  approximately  ’.0  times  more-  energy  density  than  the  Li-SCXTb  banery 

Hie  five  systems  that  are  to  be  considered  are: 

A)  Lithium  Thionyl  Chlonde  Banery 

B)  Aluminum-Dissviived  Oxygen  System  (AL-DOS) 

Ci  A lunununi- Seawater  Banery  (ALWATD 

Di  Carrier  Feed  Fuel  Cell  (CFTCi 
E)  Aluminum  Camer  Battery  (AL-Camcr) 

From  these,  the  lithium  ihionyl  chlonde  battery  and  the  Alwan  are  commercially  available, 
perhaps  not  at  the  energy  density  level  as  given  in  Figure  2.3  Interested  readers  are 
requested  to  consult  published  literature  or  contact  ;hc  manufacturers  (c.g..  Ahus.  San 
Jose.  CA  and  Honeywell  for  the  Li-SOCl2  and  Alupower,  Warren.  NJ  for  the  Alwatt 
hattencsi 

AL-UOS  System 

In  this  system,  d!s^olved  oxygen  in  seawater  takes  pan  directly  m  the  electrochemical 
prtK'ess  Seawater  r>  pumped  threugh  the  cell  housing  which  constitutes  an  oxygen- 
reducuon  cai.h<xle  and  alununum  anode  The  reactions  arc  as  follows 

2Ai  -■>  ZAl**-*  4  fie 
y  O2  ♦  3H>C)  4  6c  6tOH) 


2Ai  4  I O2  -  .3H2O  >  2A1  (OH)s 


The  thermodynamic  e  m  f  of  the  .■jix'>vc  reaction  is  2  7  V.  hut  an  CX.'V  of  1  4  V  is  inimially 
observed  and  on  load,  the  voltage  further  drops  down 


'  fixvdbook  c4  Banenci  and  Fuel  CclU.  c4  David  Lirulcn.  VtgC'.raa  Hill.  N  Y  ,  .'984,  p^)  1 1  59 
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The  main  disadvantage  of  this  battery  is  that  seawater  needs  to  be  pumped  through  the  cell 
housing  (see  Figure  2  4)  The  seawater  pump  would  need  about  30%  of  the  power 
generated  according  to  our  esumaiion.  Depending  upon  the  cathode  structure,  the  system 
may  be  prone  to  clogging  due  to  geological  fouling  and  also  the  hydroxide  formation  of 
calcium,  magnesium  etc  on  the  cathode.  Shunt  current  protections  for  higher  terminal 
voltage  would  also  be  more  difficult  with  this  system,  as  one  has  to  deal  with  high  seawater 
flow  through  the  battery. 


-40  0  30  40  60 


Eltect  of  temperature  on  |ravimefric  energy  density  of  pri- 
mftry  and  tecoodary  cells.  Bftsod  on  D  s^  cdts 


Figure  2.1 
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SELECTION  AND  APPLICATION  OP  BATTERIES 


Comptrison  of  elect rochentical  systems — wemHi  vs.  service  bfe 
(bcsed  on  lOO-W  output  tiid  stated  cnerfy>weifht  ratio) 


Pigurc  2.2 
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With  the  high  oxygen  coiKentration  in  seawater  this  system  looks  very  attractive  as  the 
amount  of  seawater  to  be  pumped  decreases  fsoporoonately  Ihc  mam  ^vantage  is  that  it 
IS  simpler  than  any  of  the  following  processes.  It  also  does  not  entail  any  uncertainly  of 
oxygen  carrieT  {kseiopmeni. 

CFFC 

The  earner  feed  fuel  cell  is  a  process  being  developed  by  Aqu-anautics  aiid  has  been 
ebbofated  upon  in  previous  quaitcriy  reports 

AL-Carrier 

This  scheme  is  similar  to  AL-DOS  except  that  the  oxygen  w  uamnd  into  the  cel!  by  oxygen 
earner.  Oxygen  earner  in  turn  is  supplied  with  oxygen  from  seawater  through  the  gill 
membrane.  The  advantage  of  this  process  is  that  the  oxygen  earner  can  transptm  oxygen  in 
a  much  more  concentrate  form,  so  the  flow  through  the  ceil  could  be  reduce  accoidmgly 
Gill  design  and  cell  design  can  ihereforc  be  independently  optimized  to  obtain  minimum 
power  loss. 


Tlicre  can  be  two  versions  of  AL-Caroer:  direct  (Figure  2  5)  and  isobied  (Figure  2  6)  In 
the  AL-Canier  direct  method,  oxygenated  carrier  comes  directly  m  contact  with  the 
cathode  Oxygen  reducuon  produces  OH‘  ion  and  the  pH  of  the  camar  rises.  On  the  anode 
side.  scawaiCT  is  the  electrolyte  which  needs  to  be  flown  to  flush  out  Al(CRi)3  formed 
Increasr  the  cathode  pH  will  reduce  the  available  voltage  by  60  mV  for  each  pK  unit 
Ihe  requirement  that  seawater  and  earner  do  not  come  in  contaci  with  each  <^her  leads  to 
the  use  of  the  solid  anion  exchange  membrane  At  Aquanautics,  there  has  been  some  work 
earned  out  and  it  has  been  determined  that  pH  nses  to  12.4  •  12  7 

In  the  indirect  method,  the  earner  does  not  touch  the  cathode  and.  m  fact,  it  wwits  os  s  true 
oxygen  transponer  Carrier  goes  through  the  cathode  separated  by  solid  membrane  The 
form  of  solid  membrane  could  be  hollow  fltvr  through  which  earner  flows  This  makes 
the  cathode  volume  large  but  has  the  advantage  that  cjuncr  selecnon  is  indeMndent  of 
elcctrochcnustry  in  the  follow  ing  discussion  this  methed  is  ignored  in  favor  el  the  direct 
method. 

2.4  Detailed  F»crg>  Densitv  Calculations 

This  soctioR  describes  the  calculations  which  are  earned  out  to  obtain  system  weight  i 
vclume  for  the  following  underwater  energy  sources 

1 )  Uthium  LhKjnyJ  chkw^  banery  (Li  SOCIi) 

2)  AUnmnum  seawater  baueiy  (ALWATD  produce* 

3)  Atummum  ots-olvid  i*n>gcr.  (AL-IX)S ) 

4)  Aluminum  dissolved  oxygen  via  earner  ■  AI  Carrier) 

5)  Combination  of  an  ALWATf  with  a  fuel  cell  utilizing  H->  with  oxygen  via  earner 
(ALWAITO-FC) 

llns  section  also  desenhes  all  the  assumi^iens  nurb  in  these  cakubtions 
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2.4.1  Thermodynamic  Requirement 

The  thermodynamic  requirement  is  the  minimum  requirement  of  fuel  and  oxidizer  in  the 
energy  source.  For  the  above  five  classifications,  the  printary  fuel,  oxidizers  and  the 
over^  reactions  are  given  in  the  follov.ing  table: 


System 

Fuel 

Oxidizer 

Overall  Reaction 

1.  U-SOOi 

U 

SOCb 

4Li+2SOCl2  -->  4LiCUS02+S 

2  ALWATT 

A! 

H2O 

2A1+^20  -->  2AJ(0H)3+3H7 

3.  AL-DOS 

A1 

02(d) 

4AI+3O2+6H2O  -->  4Al(OH)a 

4.  AL  Canier 

A1 

(L-Co)2-02 

4A1+3(L-Co)2-02+6H20->4A1(OH)3  +  6LC0 

5.  CFFC 

H2 

(L'Co)2-02 

2H2+2(L-Co)2-02  -->  2H2O  2L-Co 

Each  of  these  reactions  releases  energy.  If  all  the  energy  is  convened  to  useful  electrical 
energy  by  means  of  special  design  and  manipulation  of  the  reaction  sites  (as  in  a  battery,  a 
fuel  cell  or  a  combination  thercoO  the  amount  of  reactants  required  for  a  given  energy 
output  is  defined  as  the  dtermodynamic  requirement.  In  reality,  it  is  hardly  ever  possible  to 
extract  all  the  energy  in  the  form  of  electrical  energy;  also,  there  are  components  other  than 
just  reactants  necessary  to  build  a  battery.  Ncvenhclcss,  this  is  a  good  place  to  stan  since  it 
provides  the  minimum  bound  for  materials  needed  for  a  particular  energy  output. 

Energy  obtained  from  a  given  reaction  is  determined  from  the  amount  »hat  is  reacted  and 
also  the  reaction  itself.  The  energy,  expressed  as  Wh  can  be  divided  into  two  terms.  Volt 
(V)  and  ampere-hour  (Ah),  i.e.  Wh  =  V  x  Ah.  The  concept  of  Ah  is  fairly  straightforward 
and  follows  from  Faraday's  Law  of  electrolysis  (any  physical  chemisuy  text  book).  This 
law  states  that  %487  coulombs  or  26.8  Ah  is  released  or  required  for  electrochemical 
rcactic  n  of  one  gram  equivalent  of  a  material.  For  example,  9  g  o'  A1  or  6.9  g  of  Li  w-ill 
produce  26.8  Ah.  The  voltage  concept  is  slightly  more  complicated  and  comes  from  the 
relaaonship  of  Gibb's  free  energy  and  electrochemical  potential.  EKiF. 

AG  s  nFE,  where  AG  is  the  change  in  free  energy  due  to  reaction,  n  is  the  numbc;  of 
electrons  involved  in  the  stoichiometry  of  the  reaction.  F  is  again  26.8  Ah.  also  known  as 
Faraday.  E  is  the  thenrodymamic  voltage.  Therefore,  E  represents  the  energy  released  pe« 
gm-equivalcnt  of  substance  (n  =  1).  In  this  context,  it  is  therefore  appropnate  to  cite  these 
voltages  and  Ah/g  of  fuel 

From  the  following  table,  tt  can  be  inferred  that  the  AL-DO^  provides  the  best  possible 
gravimetric  energy  density  from  a  thermodynamic  standpoint  and  the  CFl-C  provider  the 
best  possible  volumetric  energy  density.  Tlic  advantageous  position  of  lithium  is  lost  as 
weigh:  and  volume  of  thionyl  chloride  are  considered. 

As  the  name  suggests.  ALWATT-CFFC  is  a  combination  of  the  ALWaTT  and  CFTC 
systems;  the  reacuon  of  the  AL-Carrier  is  a  combination  of  reactions  of  the  ALWATT  and 
(TFl'C.  The  ALWATT  CFFC  system  proposed  docs  not  carry  hydrogen,  but  utilizes 
hydrogen  generated  from  the  ALW  ATT  Since  one  gram  of  A1  produces  0. 1 1  g  of  H2.  the 
total  energy  thai  can  be  obtained  from  1  g  of  A1  by  the  ALWATT-CFFC  system  is  4.4  * 
0  1 1  X  28.9  =  7.0  Wh.  This  is  the  same  as  in  the  AL-Carricr  system  Ttiis  is  of  no 
surprise. 
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System 

Potential. 

Volts 

Ah/g. 

Fuel 

Wh/g. 

Fuel 

Wh,/g. 

Fuel  +  Carrier 
Reactant 

Wh/l 

Fuel  +  Carrier 

Reactant 

1 

2 

3 

4 

5 

Li  SOCli 

3  73 

3  9 

14.4 

1.5 

2000 

ALWATT 

1.47 

3.0 

4.4 

4.4 

11800 

AL-DOS 

2  70 

3  0 

8.1 

8.1 

21800 

AL- Carrier 

2,55 

3.0 

7.6 

7.6 

20400 

CFFC 

).  08 

26.8 

28.9 

28,9 

2000* 

2.4.2.  Losses 


The  previous  section  defined  the  minimum  requirements  of  fuel  and  oxidizer  needed  a 
given  energy  requitement  There  are  inherent  losses  in  a  working  system  when  energy  is 
derived  from  it.  These  losses  are  due  to: 

1 )  irrevcrsibiiity 

2)  chemical  imbalance  concentration  inequiiibha 

3)  electrical  resistances 

The  losses  lead  to  voltage  loss  in  the  system  and  are  often  referred  to  as  voltage 
inefficiency  There  is  another  kind  of  loss  that  arises  due  to  unutilized  fuel  or  reactant  due 
to  sloughing  or  parasitic  reactions 

The  following  table  shows  the  thermodynamic  and  assumed  or  operating  voltages  of  the 
above  systems  and  also  the  stoichiometric  Ah/g  versus  what  is  to  be  expect^  in  reai 
situations 


Thermodynamic  Vs.  Actual «  Projeeved 

SysleB 

Voll. 

Anperc  br/|  of  rii«i 

IfflJTTTffiH 

Kff. 

Li  5002 

3  73  3  4 

91 

39  not  known 

ALWATT 

t  47  0  45  - 

35 

3  2,4 

0  8 

ALTtOS 

27  -  10 

37 

3  2  4 

0  8 

AL-Camer 

2  5.5  •  12 

47 

3  2.4 

0  8 

CFFC 

1  08  0  6 

56 

26.8  -  18.8 

0  7 

H2  O2  Fuel  Cel! 

123  0  9 

73 

268 

0  7 

*  Denuty  ot  cryogciut  it  0  07 


Page  12 


B 

I 

B 

I 

I 

I 

I 

I 

I 

I 

I 

I 


Long  Endurance  Ui^dcrwatcr  Power  Sysiem  Quartcriy  Report 

Aquanautics  Corpomuon _ _ _ July.  1989.  through  September.  1989 


2.4.3  Other  Crr^tipcnents 

Aside  from  the  reactants,  a  power  source  needs  other  components  and  materials  to  build  a 
practical  working  system.  These  components  and  materials  are  discussed  further  as  we 
discuss  each  individual  system. 

2.4.4  Li-SOCIj  System 

In  this  system,  a^ide  from  the  theoretical  amount  of  bthium  and  thionyl  chloride,  it  has  been 
reported  that  they  need  extra  thionyl  chloride  to  dissolve  the  products  (sulfur  dioxide  and 
the  sulfur  and  lithium  chloride).  The  other  materials  needed  »o  build  a  cell  are  a) 
separator,  b)  carbon  as  cathode  and  c)  current  coUection.  SO2  that  is  produced  in  the  cell 
when  discharged  dissolves  in  SOCly  but  exerts  a  considerate  amount  of  pressure.  The 
cel!  ctrntaincr  needs  to  be  sufficiently  strong  and  thick  to  withstand  the  piessute.  When  all 
these  materials  included,  a  Li-SC>Q2  battery  to  be  used  on  land  has  a  volumetric  energy 
density  of  lOOri  WK^  and  5(X)  Wh/Kg  (minuteman  silo,  feported  by  Altos  Corporator. 
MIT  Sea  Grant  .Symposium,  November  1988,  Massachusetts).  Underwater,  these  values 
are  further  rwluc^  to  439  Wh/l*  and  330  Wh/kg’  The  exact  breakdown  of  these  excess 
components  are  not  known  to  Aquanautics. 


I 

I 

I 

I 

I  Commune. A  DAKPA.  Sepumber 
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2.4.5  AL-DOS  (Aluminum  Dissolved  Oxygen) 

2AU  3/2  O2  +  3H2O  -->  2A1(0H)3. 

AG*  =  -372  kcal 
E*  =  2.7V 

Thermodynamic  energy  density  of  A1  for  this  reaction  =  8.1  Wh<'g  or  21.8  Wh/ml 


ub-total 

*  Cell  packaging  and  counter  electrode  10% 

by  volume  and  1 .5  dcnsitv  _ 

SuFlo?i1  — — ~ 

*  Seawater  pump 

*  System  oackaec 


W-hr/i 

W-hr/kg 


*  Euinute  or 
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2.4.6  AL-Carrier  (Aluminum  Carrier  Battery) 

2A1  3/2(L  -  a))2  -  O2  +  3H2O  ->  2A1(0H>3  +  3L  -  Co 
AG*  -352kcal 
E*  =  I55V 


Tltermodynamic  energy  density  of  A1  for  this  reaction  =  7.65  Wh/g  or  20.6  Wh/ml 


rHoawjiTM 

1 

Theimodynamic  Requirement 

5? 

ll 

*  Voltage  Efficiency  =  4791? 

Materials  udliration  efficiency  =  80% 

Actual  requirement  without  pumping 

152 

56 

*  Pumping  Seawater  (10%) 

Extra  amount  required  for  pumping 

16 

16 

Total  requirement 

168 

62 

*  Current  density  1  mA/cm^,  A1  thickness  6.5  cm 
intcrelcctrodc  gap  0.5  cm  (7.7%  of  AI) 

5 

SulHotal 

"T^S 

(Tell  packaging  20%  o(  volume  with  density  of  1.5 

13 

•GiU 

2 

3 

'Carrier  Pump 

4 

2 

*  Seawater  Pump 

6 

3 

- 

8 

Total 

aie 

Wh/kg  2200 

Wh/1  4600 


*  or  kssompbon 
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2.4.7  ALWATT  (Aluminuin  Seawater  Battery) 

2A1  miO  •>  2A1(0H)3  +  3H2. 
AG*  =  -203  kcal 
E*  =  1.471V 


Thermodynamic  energy  density  of  A1  =  4.4  Wh/gor  11.8  WhAnl 


besign  for  lOW,  5  year  System  (45S  k>Vtir.y 


w 


T“ 

IT 


thennodynaniic  Requirement 
Voltage  Efficiency  =  29% 

Materials  utilization  efficiency  =  80% 
Actual  amount  needed 
*  Extra  volume  due  to  shunt  protection 
and  packaging  (5%  of  A1  ureight.  20% 
1  by  volume) 
total 


426 

23 


■445" 


159 

31 


W 
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2.4.8  ALWATT-CFFC 


Voltage  Eff.  Uiilizaiioti  Ed. 

2AU  6H2O -->  2A1(0H)3  +  3H2  E’  =  1.471  29%  80% 

3H2  +  V2(L-Co)2  -  O2 -->  3H2O -»■  3L  -  Co  E*  =  1.08  56%  70% 


From  1  g  (rf  Al.  the  following  energy  is  derived  for  this  system: 

1.471  X  0.29  X  0.8  x  2.98  Wh/g  +  1.08  x  0.56  x  0.7  x  2.98  Wh/g 
=  2.26  Wh/g  (considering  the  two  efficiencies) 


With  efficiencies  as  1(X)%.  the  energy  derived  would  be  (1 .471  +  1.08)  x  2.98  Wh/g 
=  7.64  Wh/g 


1  Design  for  lOW,  5  year  System 

mmmm 

L__  kg  1 

Theimodynamic  Requirement 

^1 

Actual  requirement 

192 

71 

Add  10%  for  pumping 

19 

7 

Subtotal 

211 

78 

.Alwatt  needed  for  packaging  &  shunt  protection 

11 

16 

•  Fuel  CcU 

""55F 

3 

94 

2 

•Gill 

2 

3 

*  Seawater  pump 

6 

3 

*  Carrier  pump 

4 

2 

'  System  package 

10 

236 

Wh/kg  1900 

Wh/l  3800 


*  Exumate  or  assumption 
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2.S  Comparison  of  Weights  and  Volumes  for  a  lOW,  5  year  System 

Figures  2.7  and  2.8  show  the  breakdown  of  volume  and  weight  for  the  five  systems 
discussed  here. 


UndtnMitr  Po—r  SfUtm  VolumM  for  tO  Watt  5  Year  Opam^ 


Cai«w(M 


MWATT  » IQ^  C«iar  FM 
fMC«l(M.«wneFFC| 


rlMtMAn) 


CMoMi 


OMTMkawMAM 
aiiaiNw******"  a*»  I 


■IMH 

laMMBm 

IM»M>»MCUN  aSUppMSlMOhM*  aC«aEJcMli«fMi  aFuiato 
Mai*t404 


■  wa 

a«»MMMaaMMt4 
TtefvtCMMktttr 


□  Frittl  IMIly 

•  Cmwmmamhmi 


Figure  2.7 
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■  MMimAwMM 


CMMWiMlW 


•  QOMIEMiAifiMl  ■  rM«ar  naatiia 


Figure  2.8 
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3 .  WORK  TOWARDS  CARRIER  FEED  FUEL  CELL 

Dunng  this  quarter  the  objectives  of  the  research  work  on  the  Cfirier  fed  fuel  ceil  wen; 
primarily  to  improve  the  overall  cell  voltage  with  a  final  goal  of  O.b  voJrs.  The  focm  of  tiR 
effort  to  improve  the  cell  voltage  was  on  improving  anode  and  cath;*dc  perforeiaiio*  and 
reducing  ohmic  losses.  Experiments  were  carried  out  with  tour  differant 
membrane  and  electrode  assemblies  to  improve  the  anode  perfortnam:t  w  reduce  the 
ohmic  losses  through  the  membrane  electrode  interface.  While  almost  aU  experiments  used 
the  23  Suzy  P  carrier  at  pH  7,  one  experiment  was  performed  with  22  Suzy  P  carrier  and 
the  pH  varied  fimm  7  to  4  Improvement  in  the  cathode  performance  resulttd  from  the  uie 
of  a  catalyzed  fell 

Membrane  and  ElectitMie  Assemblies 

The  membrane  and  electrode  assemblies  from  Giner  Incmporated  which  were  tested  this 
quaner  differed  from  the  previous  assemblies  from  Giner  in  three  respects:  the  membrane 
materia!  was  changed  form  RAI  to  Nafion,  the  bonding  betvi'een  the  membrane  and  the 
anodic  electrode  was  improved,  and  the  loading  of  the  platinum  catalyst  was  increased.  In 
addition  one  membrane  and  electrode  assembly  from  Electrochem  bKorperated  was  tested. 

The  new  membrane  and  electrode  assemblies  from  Giner  performed  quite  differently  from 
the  assemblies  previously  obtained  from  Giner  as  shown  in  the  following  table. 


Experiment 

2AM4 

2AM11 

Membrane 

RAI 

Nafton 

Electrode  Platinum  Loading  ( mg/cm^) 

4 

20 

Current  Density  (mA/cm^) 

10 

10 

Cell  Voltage 

0.17 

0.21 

Anode  -  H2  Ref. 

0.25 

0.01 

Cathode  -  H2  Ref. 

0.42 

0.22 

Ohmic  Lo^ 

0.10 

0.02 

As  can  be  seen  there  were  marked  reductions  in  the  anode  polanzation  aiul  in  the  ohmic 
losses.  We  believe  that  both  of  these  improvements  are  due  primarily  to  the  inijHoved 
bonding  of  the  membrane  to  the  electrode.  Giner  has  had  a  great  deal  of  experience  with 
Nafton  membranes  and  relative  little  with  RAI  and  as  a  result  can  fabricate  much  better 
assemblies  with  the  fomKr  mmihranc.  There  is  little  reason  to  believe  that  the  difference  in 
perfemtance  can  be  attributed  to  the  membrane  type  alone  so  we  are  contemplating 
experiments  with  RAI  membrane  and  electrode  assen^es  with  inqNOved  bonding. 

Although  the  anode  and  ohmic  losses  were  much  reduced  the  cell  voltage  showed  little 
iiriprovcmem  due  to  the  increase  in  cathodic  losses.  We  believe  that  the  increase  in  these 
Ukscs  can  in  pan  he  attributed  to  an  increase  in  the  pH  gradient  across  the  membrane  The 
pH  gradient  is  in  part  a  function  of  the  membrane  which  justiftes  continued  experimental 
work  with  different  membranes. 
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Experiments  were  also  carried  out  on  Giner  memtHane  and  electrode  assemblies  with  4 
mg/cm^  platinum  loading.  In  these  experiments  the  anode  and  cell  performance  were  not  as 
good  as  with  the  higher  platinum  loading. 

The  first  of  a  scries  of  membrane  and  electrode  assemblies  from  £lec..<ochem  was  tested 
this  quarter.  This  assembly  using  the  "standard"  Electrochem  hydrogen  anode  achieved 
cell  voltages  better  than  the  4  mg/cin^  platinum  loading  Giner  electrode  though  not  as  good 
as  the  20  mg/cm^.  Other  as  yet  untested  membrane  and  electrode  assemblies  from 
Electrochem  imrlude  higher  catalyst  loadings  and  may  show  better  pcrionnance. 

Carrier  and  pH  Variation 

One  experiment  was  done  this  quarter  using  the  22  Suzy  P  carrier.  The  23  Suzy  P  carrier 
had  become  the  standard  for  experiments  since  it  has  the  best  performance  and  life  time  of 
any  carrier  tested  thus  far.  The  22  Suzy  P  run  again  however,  because  previous 
tiOBtion  experitnents  have  shown  that  this  carrier  bi.ids  oxygen  at  a  low^  pH  than  does  23. 
It  was  ho|^  that  reducing  the  carrier  pH  would  reduce  ^e  pH  gradient  in  the  cell  and 
increase  the  cell  voltage  and  although  in  principle  this  should  work  the  experiment  using 
this  particular  combination  of  cell  components  and  carrier  showed  only  a  slight 
improvement  in  cell  voltage. 

Catalyzed  Fell 

The  biggest  improvement  in  cell  voltage  this  quarter  came  from  the  use  of  a  felt  with  a 
surface  catalyst  bound  to  it  provided  by  Alupower.  The  catalyst  facilitates  the  reduction  of 
oxygen  at  the  cathode  and  improved  the  cathode  voltage  by  0.09  volts  to  give  an  initial  cell 
voltage  of  0.3  volts.  The  use  of  catalyzed  felt  will  be  the  new  experimental  standard. 
Additional  catalysts  for  oxygen  reduction  are  known  and  will  be  examined  first  with  cyclic 
voltammetry  and  then,  if  they  show  promise,  in  a  complete  fuel  cell. 
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4.  WORK  TOWARDS  AL<CARRI£R  BATTERY 

This  quarter  several  experiments  were  done  with  the  aim  of  establishing  the  feasibility  of 
building  a  liquid  feed  ^uminum  oxygen  battery.  Experiments  were  using  seawater 
and  thrw  different  oxygen  carriers  as  catholytes. 

Aluminum/Dissolved  Oxygen  System 

The  aluminum  dissolved  oxygen  system  uses  seawater  to  cany  dissolved  oxygen  to  the 
fuel  cell  where  it  is  reduced  The  concentration  of  dissolved  oxygen  in  seawater  is  so  low 
that  the  seawater  must  flow  at  a  high  rate  in  order  to  achieve  a  reasonable  cell  cairent 
density.  Experiments  were  done  this  quaner  which  examined  the  performance  of  a 
seawater  fed  aluminum  fuel  cell.  Experiments  at  hi^  flow  rau.s  (  120  ml/min  through  a  25 
cm^  cell )  showed  cell  voltages  of  over  one  volt  at  current  densities  of  one  to  two  milliamps 
per  square  centimeter.  At  flow  rates  of  4  ml/min  through  the  same  cell  the  seawater  could 
not  provide  enough  dissolved  oxygen  to  maintain  a  positive  output  voltage  at  a  current 
density  of  one  mA/cm^  ev^n  when  the  felt  treated  with  the  oxygen  catalyst  was  used. 

Aluminum/Carrier  Experimeots 

Oxygen  carrier  solutions  can  cany  nearly  two  orders  of  magnitude  more  oxygen  in  the 
same  volume  fluid  than  can  seawater  and  so  should  be  able  to  maintain  reasonable  cell 
current  densities  at  very  low  flow  rates  Carrier  run  through  exactly  the  same  system  as 
was  the  seawater  in  the  above  discussion  produced  a  cell  o<ttput  in  excess  of  one  volt  at  a 
carrier  flow  rate  of  4  ml/minute. 

One  cf  the  concerns  about  the  aluminum  carrier  cell  is  that  the  carrier  must  withstand  a  pH 
as  high  as  12.5  since  the  reduction  of  oxygen  creates  OH‘  ions  which  flow  from  the 
cathode  to  the  anode  only  due  to  their  concentntion  grsdicni.  Three  ligands  were  used  to 
make  carrier  solutions  for  use  in  this  system  tetrer,.  crude  Suzy  and  23  Suzy  P.  The  first 
two  of  these  were  examined  because  they  were  thought  to  be  n^oce  suitable  for  use  at  high 
pH.  Howc'-er  the  performance  of  23  Suzy  P.  which  in  the  past  has  proven  to  be  a  more 
stable  compound,,  was  found  to  be  comparable  to  the  performance  of  the  others. 
Experiments  were  run  with  the  intention  of  examining  the  carrier  degradaricn  over  time.  It 
was  found  that  the  experimental  cell  design  was  poorlv  suited  to  the  aluminum  seawater 
anode  ai<d  the  ceil  voltage  declined  due  to  clt^ging  of  tKe  andyte  seawater  flow  path  with 
fHccipitates  and  the  formation  of  internal  cells  between  the  aluminum  and  the  titanium 
current  cdlector.  The  carrier  survived  three  cell  rebuilds  over  a  week  of  nearly  cocuinuous 
operation  with  only  very  little  degradation  in  performance  before  the  experiment  was 
at^uidoned  We  plan  to  ledesign  the  anode  side  of  the  ceil  and  repeat  these  experiments  ui 
order  to  obtirin  meartmgful  data  about  the  came;  bfetime  in  this  system. 
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5 .  ALWATT  BATTERY 

The  ALWATT  battery  in  the  ALWATT-CFFC  scheme  is  not  only  the  source  of  hydrogen, 
it  also  produces  power  It  was  calculated  based  on  the  energy  densities  and  hydrogen 
generation  chj»Tacicnstics  that  about  20-259t  of  gross  power  will  be  generated  by  the 
ALWATT  battery  Aqu^autics  recently  asked  Alupower  to  roottel  the  ALWATT  design  to 
minimize  the  volume  needed  and  maximize  the  power  generated  for  a  given  hydrogen 
requiremenL  Their  repon  is  anached  as  Apperidix  1. 

The  study  shows  that  the  ALWATT  cell  can  be  re  designed  to  obtain  POO  Wlt/i  and  700 
Wh/kg  with  50*1^  fuel  utilization.  Alupower  recently  informed  us  that  they  have  reccnily 
developed  an  aluminum  alloy  with  fud  utiUzation 

As  a  result  of  these  developments,  the  ALWATT  battery'  would  generate  approximately 
45*^  of  the  gross  power  and  the  CTTC  wcKild  produce  the  rest.  The  trccrgy  densities  for 
the  .ALWATT  are  rceak'ulaied  on  the  basis  of  new  uolizadon  efficiency  in  Section  2. 

Note  also  that  the  pro/ected  ALWATT  battery  energy  density  is  about  tour  times  that  of  the 
bthjum  ihionyl  ehk>n^  battery  and  is  much  safei  to  handle 
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6.  WORK  TOWARDS  CARRIER 
Summary 

EOC  experiments  using  compouiMi  72  shouted  that  lifeame  was  related  to  the  concentration 
of  free  oxygen  dissolved  in  the  carrier.  The  bound  oxygen  is  not  responsible  for  the 
degradation.  Since  the  free  oxygen  conerntration  cannot  be  higher  than  that  in  aawater  for 
the  gill,  the  implication  is  therefore  that  underwater  operation  favors  the  carrier  liletime. 

Voltammetry  studtes  with  compound  64  show  satisfactory  operation  with  sulfate  and 
fluoride  as  the  counter  ions  These  tons  are  more  compatible  with  the  anode  of  the  fuel 
cell.  Perchlorate,  however,  causes  polymerization  Static  lifetime  tests  on  some 
tetradentate  polyalkylamines  have  shown  lifetimes  of  greater  Uian  two  months. 

6.1  Experimentals 

6  11  The  EOCs  were  configured  to  operate  with  pure  oxygen  unloading  while  two  small 
systems  were  maintained  with  air  sweep  unloading  for  initial  screening  purposes  Two 
parallel  expenmen  were  earned  out  using  a  single  batch  of  compound  72  with  NIDAMP 
added  as  niediator  Both  cxpenrtKnts  gave  >909t  pure  oxygen  at  about  1 60  watts  {wr  liter 
per  minute  for  1 2  days.  Both  solutions  failed  as  judged  by  the  electron  count  values  at 
idurtcen  days  (pH=7)  These  results  confirm  a  previous  expenmem  with  Compound  72 
which  was  run  in  the  pure  oxygen  unload  mode  The  EOC  was  reconstructed  to  minimize 
the  volume  of  earner  in  the  uniting  section  between  the  anode  outlet  and  the  cathode  inlet 
and  another  batch  of  compoui^  72  was  prepared.  .A  power  increase  at  ihiny- three  days 
occurred  despne  adjustment  of  the  pH  is  thus  due  to  ft.ial  fa- lure  of  the  earner  In  tfse 
previous  quarterly  report  the  lifetime  of  compound  72  was  reported  to  be  six  weeks  while 
the  oxygen  is  swept  from  the  unloader  by  an  sirstrcam.  The  trend  is  thus  unmistakable  that 
the  longer  the  rclcaswi  oxygen  is  allowed  to  remain  in  contact  with  the  carrier  the  more 
rapid  IS  the  degradation  Now  the  binding  constant  of  compound  72  is  such  that  the  earner 
should  he  fully  saturated  with  oxygen  under  air  Thus,  if  the  bound  oxygen  is  responsible 
for  the  degradation,  why  should  there  be  a  dependence  upon  the  earner  contact  time  with 
high  punty  oxygen”’  The  imphcatjoc  is  therefore  clear  that  a  second  oxygen  molecule 
which  IS  free  in  sduoon  is  tesra^ibic  for  the  de^adattoo 

In  the  pow^r  systems  under  consMkrauon.  no  release  of  oxygen  is  envisioned  Thus  the 
free  oxygen  concentration  in  the  earner  will  not  exceed  that  in  seawater  If  the  irresersibte 
reacuon  of  earner  w  iib  oxygen  depends  on  the  conccntraitc^  of  free  oxygen  iber*  the  fuel 
cdl  system  creates  a  favora^  situatior.  fe?  the  earner  lifetime 

6  1  2  Cyclic  vxdtammetry  of  compound  63  was  earned  out  using  perchlorate,  fimmde  and 
sulfate  as  the  cmintcr  ion  Both  tluonde  and  tulfatc  gave  satisfactory  results  Indeed  the 
use  of  sulfate  gave  clear  evidence  in  ihe  voltammetry  of  the  release  of  Codll)  The  use  of 
pcrchUsrate  presenKd  rx>  dif  ficulties  while  oxygen  was  excluded  am!  a  normal  voltammetnc 
response  was  observed  As  soon  as  oxygen  was  introduced,  however,  a  brown  precipitate 
formiExJ  unmedtately  and  the  ekctiode  was  pasnvated 

6  13  Siaitc  lifetime  tests  were  earned  out  on  compounds  244.  245  and  246  Each 
solution  was  prepared  as  a  0  5  mM  solution  and  thoroughly  saturated  with  air  by  an 
airstream  The  VVfvmhk  spectnsm  w  as  then  recorded  at  imen  als  unul  the  charge  uansfer 
band  no  fooger  decreased  with  nme  Each  solution  was  stored  in  a  graduated  flask  open  to 
the  air  and  was  vigorously  shaken  before  each  measurement  There  are  two  pans  to  the 
process  The  first  pan  ts  cleariy  mass  transport  comroltcd  by  the  avaiikUfity  of  oxygen 
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while  the  second  pan  corresponds  to  an  adequate  supply  of  oxygen  since  the  concentration 
of  carrier  has  declined  below  the  level  where  it  can  consume  dl  of  the  available  oxygen. 
The  implication  once  again  is  that  a  second  oxygen  molecule  is  responsible  for  the 
degradation. 

6  2  Workplan  for  Next  Quarter 

6.2.1  Test  low  pH  unload  concept.  Examine  several  carriers  for  acid-base  behavior. 
Eliminate  carriers  which  react  slowly  v,  the  addition  of  acid  to  the  solution.  Obtain 
electrodes  coated  with  Nafion  and  bonded  to  a  Nafion  membrane  with  a  hydrogen  anode 
bonded  to  the  other  side.  Test  these  electrodes  with  the  carriers  which  rapidly  release 
oxygen  with  addiuon  of  acid.  Test  uncatalyzed  and  c'  alyzed  Nafion  coated  electrodes. 

6.3.2  Develop  quantitative  methods  using  Rotating  Ring  Disk  Electrode  Voltammetry 
(RRDEV)  to  exam  \t  carrier  behavior  at  the  electrode.  Use  the  methods  to  study  at  least 
five  different  fam  lies  of  carrier  and  correlate  the  observed  behavior  with  tests  in  the  fuel 
cell  rigs.  Tlie  behavior  will  be  studied  as  a  function  of  pH  (low  pH  for  CFFC  and  high  pH 
for  AL-Carrier).  Choose  best  carrier  families  for  each  application. 

6.3.3  Develop  lifetime  testing  for  carrier  screening.  This  involves  static- lifetime  EOC 
testing  and  fuel  cell  testing  in  conjunction  with  RRDEV  data  from  6.3.2. 
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7 .  GILL 

7.1  Introduction 

This  report  describes  testing  performed  on  a  rectangular  gill  cartridge  fabricated  for 
Aquanautics  by  Applied  Membrane  Technology  (AMT)  of  Minnetonka  MN.  Details  of  the 
gill  cartridge  fabrication  sic  presented  in  a  report  submitted  by  AMT  which  is  attached  as 
Appendix  2.  The  gill  cartridge  was  intended  to  test  the  viability  of  using  a  membrane 
loader  to  transfer  oxygen  from  seawater  to  carrier  in  an  underwater  power  source 
employing  Aquanautics  propnetary  oxygen  carrier  technology.  The  gill  cartridge  was 
fabncaied  according  to  specirtcat]Of:$  that  wcie  definol  at  Aquanautics  after  a  gill  power- 
volume  model  had  been  developed  and  studied.  Results  of  the  gill  power-volume 
relationship  arc  included  in  the  Quarterly  Report  for  the  quarter  spanning  the  months  of 
April  to  June  1989. 

Testing  of  the  gill  membranes  was  performed  during  the  period  of  September  3  to 
September  15.  1989.  Most  of  the  testing  was  preliminary'  and  intended  to  verify  the  gill 
power-volume  model.  This  repon  shall,  therefore,  include  not  only  the  results  o'  the  gill 
testing,  but  shall  also  irulude  a  companson  of  the  experimental  results  with  the  predictions 
of  the  model. 

7.2  Background 

The  work  described  in  this  report  was  performed  as  pan  of  the  DARPA  contract  to 
investigate  the  use  of  Aquanautics'  propnetary  oxygen  earners  in  producing  power 
undersea  In  ihc  systems  being  investigated  the  oxygen  dissolved  in  seawater  is  extracted 
by  the  earner,  transponed  to  a  fuel  cell  and  consum^  in  a  reaction  with  a  fuel  producing 
elcctncal  energy  The  fuel  can  cither  be  hydrogen  jKoduced  by  an  aluminum  ccarosion  ceO 
or  aluminum  itself  In  both  cases  the  carrier  containing  bound  oxygen  is  fed  directly  to  the 
cathode  of  the  fuel  cell  where  the  bound  oxygen  is  reduced,  llic  gill  is  the  location  at 
which  the  oxygen  transport  from  seawater  to  canier  takes  place. 

A  mayor  parasitic  loss  in  the  sy  stem  desenbed  in  the  preceding  paragraph  is  attributable  to 
the  power  required  to  pump  seawater  through  the  ^ill.  The  pumping  power  for  seawater 
flow  through  the  gill  is  a  function  of  tl^  gill  sire  and  configuration  as  well  as  the  flux  of 
oxygen  required  to  produce  the  specified  output  power  The  model  derived  to  analyze  the 
gill  consisted  of  two  equations,  one  describing  the  power  as  a  function  of  the  gill  volume 
and  the  second  expressing  oxygen  fiux  as  a  function  of  gill  volume  These  equations  are 
amenable  to  use  for  optuiuzing  the  gill  volume  as  desenbed  in  the  Quarterly  Report  for  the 
period  Apnl-Junc  1989 

The  gill  configuration  chosen  for  this  purpose  consists  of  a  rectangular  bed  of  hollow  fibers 
where  the  earner  flows  inside  the  fibw  lumen  and  seawater  across  iIk  outside  of  the  fibers 
in  a  direction  perpendicular  to  the  plane  of  the  fiber  bed.  lliis  configuration  has  been 
shown  to  offer  maximum  mass  transpon  with  minimal  losses  due  to  drag^  Accordingly. 
AMT  was  requested  to  fabricate  eight  cinndges  for  teeing  at  Aquanautics,  f^our  of  dvese 
cartndges  were  to  be  constructed  of  microporous  hollow  fiber  membrams.  while  the  other 
four  membranes  were  to  be  constructed  of  microporous  fibers  coated  with  AMTs 
proprietary'  oxygen  permeable  solid  layer  liach  type  of  membrane  cartridge  was  to  be 
constructed  in  two  configurations,  one  with  an  inter -fiber  spacing  factor  of  2.5  and  the 
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other  configuration  involving  a  faaor  of  1.5.  The  inter-fiber  spacing  factor  refers  to  the 
ratio  of  the  center-to-center  distance  between  the  fibers  to  the  miter  diameter  of  the  fibers. 
The  testing  reported  on  here  involves  cartridges  that  were  made  firom  plain  microporous 
hollow  fibers  with  an  inter-fiber  spacing  factor  of  2.5. 

7.3  Experimental  Setup 

Figure  7.1  shows  the  schematic  of  the  experimental  setup  used  for  testing  oxvgen  flux 
through  the  gill  cartridges.  The  gill  cartridge  consisting  of  a  rectangular  fiber  M  made 
from  microporous  hollow  fiber  membrane  was  housed  in  a  flow  box  which  had  an  entry 
port  and  an  exit  port  on  either  side  of  gill.  Figure  7.2  depicts  the  design  of  the  flow  box 
usml  for  the  gill  cartridge.  The  flow  box  was  connected  to  a  pump  which  pumped  artificial 
seawater  from  a  tank  equipped  with  a  chiller  and  an  aerator  to  maintain  tempaature  and  the 
oxygen  content  of  the  seawater  respectively.  The  gill  cartridge  was  swept  with  nitrogen 
gas  on  the  inside  of  the  fiber  lumen  in  these  prelinunary  expehments.  It  is  expected  that 
carrier  will  be  used  in  later  experiments. 


Diftmaial 

Prtisure 

Tnasducen 


YSIPiobo 


Ro«  CoacrollR 


I 


TmX 


Figure  7. 1  Schermtic  of  Experimental  Setup. 


ITie  oxygen  content  of  the  seawater  entering  the  flow  box  and  leaving  it  was  measured 
using  Clarke-type  probes  manufactured  by  Yellow  Springs  Instruments  (YSI).  Twt) 
fwobes  were  used  before  the  gill  and  three  after  the  gill  to  ensure  redundancy  in  case  of 
probe  failu  re.  The  flow  rite  of  seawater  was  measured  using  a  rotamcier  with  a  range  of  O 
4  gpm.  Flew  raic  of  sc  iwater  could  be  varied  by  iKing  a  system  of  valves  with  &  bypass 
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arrangement  or  by  adjusting  the  speed  of  the  pump.  Nitrogen  from  a  piessurued  tank  was 
fed  to  a  flow  controller  through  a  pressure  regulator  and  then  to  the  gill  cartridge  through  a 
rotameter.  The  rotameter  was  us^  only  to  set  the  flow  rate  of  the  nitrogen.  The  oxygen- 
enriched  sweep  gas  exiting  the  gill  car^ge  was  passed  through  a  Tel^yne  probe  and  a 
hot  wire  aneiTK>meter  to  measure  the  oxygen  content  and  the  flow  rate  respectively.  The 
seawater  pressure  drop  across  the  gill  cartridge  was  measured  using  differentia]  [nessure 
sensors  fi^  Omega  Instruments.  The  piessure  difference  was  measured  at  two  ix>ints. 
namely  at  half  and  quarter  height  of  the  gill  as  shown  in  Figure  12. 


Figiue  7.2  Desi^  Flow  Box  for  Gill  Cartridge  Testing. 


Data  from  the  YSl  probes  were  squired  using  an  eight-channel  data  acquisition  system 
connected  to  an  IBM  XT  computer,  while  another  system  was  dedicated  to  the  nitrogen 
sweep  gas  measurements  and  die  pressure  dn^  data. 


7,4  Procedure 

Ihe  experimental  system  depicted  in  Figure  7.1  was  assembled  and  seawater  flow  from  the 
seawater  tank  stoned.  The  seawater  tank  was  sparged  with  cither  air  or  the  appropriate 
mixture  of  air  and  nitrogen  to  simulate  100%  saturated  and  unsaturated  seawater 
respectively.  The  nitrogen  flow  was  turned  on  and  set  at  500  ml/min  using  the  rotameter 
and  flow  controller.  Data  acquisition  was  stoned  with  the  seawater  flow  set  at  the  lowest 
value  and  data  taken  until  approximately  1 5  minutes  ol  steady  state  operation  was  realized. 
Data  points  were  recorded  every  three  minutes  and  therefore  data  was  acquired  until  five 
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consecutive  data  points  showed  less  than  10%  deviation.  The  seawater  flow  rate  was  then 
stepped  up  tt)  its  next  higher  value  and  the  experiment  repeated. 

Three  sets  of  experiments  were  performed,  with  seawater  conditions  being  the  only 
parameter  that  was  changed.  The  seawater  oMiditions  for  the  three  sets  experiments 
were  as  follows: 

1)  Temperature  =  3  C;  Initial  Oxygen  concentration  =  6.8  ml/1, 

2)  Temperamre  =  8  C;  Initial  Oxygen  concentration  =  1  nd/i,  and 

3)  Temperature  :=  8  C  Initial  Oxygen  concentration  =:  5.8  ml/l. 

The  first  and  last  experiments  were  performed  with  air  saturated  seawater  and  the  Oxygen 
concentration  values  shown  above  cooespond  to  saturation  at  the  respective  temperatures. 
In  the  second  experiment,  a  mixture  with  a  1 :6  volume  ratio  of  air  to  nitrogen  was  sparged 
through  the  seawater  tank  to  achieve  the  1  mVl  concentration. 

The  nitrogen  flow  rate  was  not  expected  to  affect  the  mass  transport  of  oxygen  since  the 
boundary  layer  on  the  seawater  side  controls  the  flux  rate.  This  was  checked  by  running 
the  nitrogen  at  800  ml/min  fw  a  couple  of  data  points  and  comparing  the  oxygen  flux  with 
that  realized  at  a  nitrogen  flow  of  500  mlMiin,  all  other  conditions  remaining  constant.  No 
difference  was  seen  the  experiments  were  all  performed  with  the  nitrogen  flow  rate  set 
at  500  ml/min. 

Prior  to  each  expehnKnt,  the  YSl  probes  were  calibiatnl  using  a  two  point  calibration 
method.  The  seawater  was  saturated  with  air  at  the  operating  conditions  and  the  gain  on  the 
signal  amplifier  adjusted  so  that  the  output  from  the  amplifier  for  each  of  the  pr^s  was  1 
V.  The  seawater  was  then  sparged  with  nitrogen  to  get  a  “dark  current”  reading  on  the 
different  probe.s  The  actual  experiment  was  co^ucted  only  after  the  YSl  probes  were  thus 
calibrated.  The  gill  remained  inactive  during  the  calibration  to  ensure  that  th?  probes 
upstream  and  downstream  of  the  gill  flow  box  were  subject  to  the  same  seawater  oxygen 
concentrations. 


7.5  Results 


The  results  of  the  various  experinKnis  arc  presented  in  the  fwm  of  two  types  of  plots.  The 
first  plot  graphs  oxygen  flux  as  a  function  of  the  seawater  flow  rate,  while  the  second  plots 
seawater  pumping  power  as  a  function  of  seawater  flow  rate.  Rots  were  worked  out  for  all 
Arce  expens-nents  and  arc  presented  as  Figures  7.3  through  7.8.  Data  analysis  was  done 
using  the  Excel  spreadsheet  program  on  an  IBM  con^tibie  computer  arid  iianspofted  to  a 
Macintosh  for  presentation. 


The  seawater  flow  rates  were  obtained  from  the  rotameter  that  was  plac«i  in  the  seawater 
loop  priw  to  the  flow  box.  The  oxygen  flux  was  calculated  using  two  methods.  The  first 
entailed  using  data  from  the  YSl  probes  to  calculate  the  oxygen  content  of  the  water 
entering  and  leaving  the  gilt  flow  box.  The  oxygen  content  the  seawater  at  any  probe 
was  calculated  by  using  t^  expression. 


Ci  = 


£i-Ed 

Ea  -  Ed 


So 


(7.1) 
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where,  Q  is  the  concentration  of  dissolved  oxygen  in  seawater  at  the  probe  i 
(standard  ml/l). 

Ei  is  the  reading  Gf  probe  i  (V). 

Ed  is  the  "dark  current''  reading  of  probe  i  obtained  during 
calibration  (V), 

Ea  is  the  reading  of  the  probe  i  in  air  saturated  seawater  (V),  and 
So  is  the  solubility  of  oxygen  in  seawater  at  the  operating 
temperamre  (standard  ml/1). 

The  oxygen  cone,  ttrations  calculated  from  probe  readings  befene  and  after  the  flow  box 
were  averaged  and  the  oxygen  flux  across  the  membrane  calculated  using  the  expression 
shown  in  l^uation  7.2. 

N  =  (Csi-Cso)Q  (7-2) 

where.  Csi  is  the  oxygen  concentration  of  seawater  entering  the  flow  box 
(standard  ml/1), 

Cso  is  the  oxygen  concentration  of  seawater  leaving  the  flow  box 
(standard  ml/1), 

Q  is  the  flow  rate  of  seawater  through  the  gill  box  (1/s),  and 
N  is  the  oxygen  flux  rate  (standard  ml/s). 

The  oxygen  flux  was  also  calculated  from  measurements  made  at  the  nitrogen  sweep  outlet. 
The  value  of  the  oxygen  flux  from  the  nitrogen  sweep  side  was  caloilated  using  the 
expression  given  in  ^nation  7.3. 


N  =  QsPo  (7.3) 

wliere.  Qs  is  the  flow  rate  of  the  sweep  gas  (standani  ml/s). 

po  is  the  partial  pressure  of  oxygen  in  the  exiting  sweep  gas  (atm), 
and 

N  is  the  oxygen  flux  rate  (standard  ml/s). 

The  flow  rate  of  the  sweep  gas  was  measured  using  a  gas  flowmeter  from  Omega 
Instrxmtenis  that  is  based  on  the  hot  wire  anemometer  principle,  while  the  oxygen  content 
of  the  sweep  gas  was  measured  by  a  Tel^yne  oxygen  probe. 

The  pressure  drop  across  the  gill  cartridge  was  measured  at  two  points  using  differential 
pressure  transducers.  The  readings  were  averaged  and  the  power  to  pump  seawater 
calcuhird  from  this  average  value  using  Equatum  7.4. 

P  =  dp  Q  (7.4) 

where.  P  is  the  power  to  pump  seawater  (W). 

dp  is  the  pressure  drop  across  the  gill  caitruigc  (N/m2).  and 
Q  is  tits  seawater  flow  rate  (m^/s). 
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Figure  7.3  Oxygen  Flux  vs  Seawarer  Flow  Rate  in  1KS96. 


Testily  of  Atpagas-NC-2  with  N2  Stripping 
Seawater  Puap^  Riwcr  vs  Row  Rate  (1KS96) 
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Rgure  7.4  Seawater  Pumping  Power  vs  Seawater  Flow  Rate  in  tKS96. 


Figures  7.3  and  7.4  refer  to  the  first  experimem  listed  in  the  preceding  section  (1KS%). 
Figures  7.5  and  7.6  are  for  the  second  expeiintent  (1KS98).  and  Figures  7.7  and  7.8  are 
for  the  last  experiroent  (2KS02). 
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Tesiinf  of  Aquagas-NC-2  with  N2  Saippini 
Osysen  Flux  vs  Seaw^  Flow  ^aat  (IK^) 

2.CC£-08 
1.60E^ 

Oxygen  Flux  (sul  *  -20£-08 
"**3/$)  8.00E-09 

4.00E^ 

O.O0E4O0 

O.00E4O0  4.00E-OS  S.OOE-OS  IJ!OE-Ol  1.60E-04 

Seawsier  Flow  Rate  (m^3/s) 

■  £rotn  YSl  probes  B  front  Tetotl>iic 


Figure  7.5  Oxygen  Flux  vs  Seawater  Flow  Rate  in  1KS98. 
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Figure  7.6  Seawater  Pumping  Power  vs  Seawater  Flow  Rate  in  1KS9$. 
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Figure  7.7  Oxygen  Flux  vs  Seawater  Fbw  Rate  in  2KS02. 
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Figure  7.8  Seawater  Pumf^g  Power  vs  Seawater  Row  Rate  in  2K^2. 


7.6  Discussion 


7.6.1  Oxygen  Ftux 

The  maxinmm  oxygen  flux  was  seen  in  the  cxpcriEncm  designated  IKS%,  Oxygen  flux 
rates  of  8.5  tnl/min  were  noticed  in  this  experiment.  It  is  also  obvious  from  Hgure  7.3  that 
the  system  mass  balance  was  w'cU  established  in  this  experiment,  i.c.,  the  oxygen  flux 
shown  by  the  Telcdyne  probe  matches  that  calculated  from  YSl  probe  readings.  This 
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agreement  extends  to  all  seawater  flow  rates  investigated.  The  seawater  temperature  in  this 
experiment  was  3  C  and  the  oxygen  concentration  under  cenditioas  of  air  saturation  was 
calculated  to  be  6.8  standard  tnl/1  for  seawater. 

The  second  experiment,  namely  1KS98.  was  conducted  with  seawater  at  8  C  and  the 
oxygen  concentration  at  about  1  standard  ml/1.  The  oxygen  flux  noticed  from  this 
experiment  proved  to  be  much  smaller  than  those  obtained  in  1KS%  as  is  obvious  frxHn 
Figure  7.5.  In  this  instance  there  was  no  a^eement  between  oxygen  flux  values  calculated 
from  the  seawater  and  nitrogen  loqis.  The  Teledyne  probes  showed  that  the  oxygen  flux 
rate  reached  an  asymptotic  maximum  at  a  seawater  flow  rate  of  2 1/min.  The  YSI  probes, 
however  showed  that  tite  oxygen  flux  increased  gradually  as  the  flow  rates  were  increased. 
The  Teledyne  probes  showed  a  maximum  flux  of  about  1  standard  ml/min,  while  the  YSI 
probes  showed  a  flux  of  approximately  0.6  standard  mlAnin  at  the  maximum  scawacr  Srv 
rate. 

The  last  experiment,  namely  2KS02  was  conducted  with  an  oxygen  concentration  of  about 
S.8  standard  ml/1  and  a  seawater  temperature  of  about  8  C.  The  agreement  between 
oxygen  flux  values  calculated  from  the  Teledyne  probe  and  the  YSI  prob^  was  found  to  be 
better  than  in  the  case  of  iKS98.  The  YSi  probes,  however,  showed  larger  fluxes  at 
higher  seawater  flow  rates  while  the  converse  was  true  at  the  lower  values  of  the  seawater 
flow  rate.  A  maximum  flux  of  3.3  standard  ml/min  was  measured  by  the  YSI  probes, 
while  the  Tcledyne  fwobes  yielded  a  maximum  flux  of  2.4  standard  ml/min. 

The  difference  between  the  YSI  probe  and  Teledyne  probe  readings  in  IKS^^  could  be 
attributed  to  lack  of  resolution  of  the  Teledyne  probes.  The  high  nitrogen  sweep  rates 
meant  that  the  oxygen  content  of  the  exiting  sw-eep  was  very  low  and  this  was  esprr  islly 
true  in  the  case  of  the  low  seawater  oxygen  concentrations.  This  meant  that  the  Teledyne 
probes  were  always  operating  at  the  low  end  of  their  range  ai^  w&e  therefore  subject  to 
errors. 

The  second  point  of  importance  is  the  seeming  degradation  of  membrane  pcrfonnancc 
between  1  KS%  and  2KS02.  Even  allowing  for  the  slightly  lower  oxygen  concentration  in 
the  latter  cxpenmcni.  the  degradation  in  oxygen  flux  cannot  be  explained.  The  higher 
tempmture  m  2KS02  should  help  the  oxygoi  flux  because  of  the  hi^ier  oxygen  (Musivity 
associated  with  higher  temperatures. 


7.6.2  Seawater  Pumpiag  Power 

The  seawater  pumping  power  in  the  Tint  two  experiments  (Figures  7.4  and  7.6)  was 
measured  to  be  tn  the  miiliwau  range.  The  pressure  drop  across  the  membrane  cartridge 
was  found  to  be  very  low  and  of  the  order  of  hundreds  of  Pascals  (N/m^).  The  power  was 
seen  to  increase  as  a  function  of  the  seawater  flow  rate,  though  the  data  was  not  considered 
reliable  due  to  inaccuracies  in  the  dificrential  pressure  sensor.  The  sensors  used  in  this 
experimen!  had  a  range  of  5  psi  (34,(K)0  N./ni“)  snd  were  therefore  operating  m  the  bottom 
1  %  of  their  range.  The  readings  from  the  transducers  were  not  consuiemi  relialde  for  this 
reason.  In  the  last  experiment  (2KS02;  lefer  to  Figure  7.8)  the  seawater  flow  rate  was 
increased  sufficiently  for  the  pumping  power  to  e.xc€«l  75  milliwaits.  The  results  from 
2KS02  show'  that  the  power  d^s  not  increase  linearly  with  flow  rate  but  that  it  is  a  higher 
onkr  pdynooual  function  of  the  flow  rate,  as  expected. 
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7.6.3  Comparison  With  Model  Predictions 

The  data  acquired  1KS96  is  compared  with  the  prnlictions  of  the  gill  power- volume 
model  in  Figures  7.9  and  7.10.  In  Figure  7.9  the  measured  oxygen  flux  is  compared  with 
the  predictions  of  the  model,  while  Figure  7.10  compares  the  seawater  pumping  power 
measured  with  the  simulated  values. 
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Figuie  7.9  Comparison  of  Measured  Oxygen  Flux  with  fVcdictions. 
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Figure  7.10  Companson  of  Measured  Seawater  Pumping  Power  with  Predictions. 
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The  predicted  values  were  obtained  by  using  the  equations  for  pumping  power  and  oxygen 
flux  that  have  been  develoi^  for  rectangulv  fiber  beds.  These  equations  are  shown  below 
and  details  of  their  derivation  are  available  &om  the  quanerly  teport  for  April- June  1989. 
The  equations-  derived  in  that  report  were  modified  for  the  gill  fiber  weaving 
configuration,  which  in  the  case  of  the  cartridges  tested  here  was  unidii^ooaL 


P  v2 
q3  \2  p 


13.5093 


[in 


C 


SI 


SI 


N/Q 


]  =  4.3354  [ 


d2  v2  1 


^5  (4-1)  do5  Q2 


] 


1/3 


Csi  11.2 
Csi  -  N/QJ 


(7.5) 

(7.6) 


The  values  of  the  ternis  P  (pumping  power)  and  N  (oxygen  flux)  were  obtained  by  solving 
equations  7.5  and  7.6  respectively  and  were  plotted  as  a  function  of  Q  (seawater  flow  rate) 
for  the  cartridge  which  was  tested. 

It  can  be  seen  from  Figure  7.9  that  the  oxygen  flux  obtained  in  the  experiment  was  well 
below  the  value  predicted  by  the  model.  The  power,  however  was  also  lower  than  that 
predicted  as  siiown  in  Figure  7.10  leading  to  the  possibility  that  the  flux  could  be  imptoved 
by  increasing  the  flow  rate  and  expending  nxire  power  on  the  pumping. 


7.6.4  Problems  Encountered  in  Experiments 

The  experiments  conducted  had  two  sources  ch 

1 )  insufftcieni  pumping  capacity,  and 

2)  Leaking  carnidges. 

The  pump  available  for  the  experiment  could  only  discharge  up  to  4  gpm  of  seawater  into 
the  experimental  setup  and  therefore  flux  data  could  not  be  acquired  at  flow  rates 
sufficiently  large  to  cause  expenditure  of  measurable  quantities  of  pumping  power. 
Therefore  all  measurements  were  made  at  the  lower  end  of  the  pumping  power  spectrum. 
A  larger  pump  capable  of  greater  discharge  is  necessary  to  investigate  fluxes  at  higher  flow 
rates.  At  the  highest  flow  rate,  namely  4  gpm  the  velocity  of  seawater  through  the  gill  was 
only  2.8  cm/s  and  higher  flow  rates  will  necessary  to  achieve  higher  flux  rates. 

The  second  prot^em.  namely  leaks  in  caitridge  could  have  led  to  a  funher  impedance  to 
oxygen  flux  across  the  mend?rane.  Water  collecting  inside  the  fiber  lumen  can  block  a 
lot  of  individual  fibers  causing  all  nitrogen  sweep  to  flow  through  only  a  fraction  of  the 
fibers.  This  decreases  the  area  of  the  membrane  available  for  mass  transput  and  could 
have  afTcctcd  the  flicx  Mercover  the  liquid  on  the  inside  of  the  fibers  can  form  a  relauvcly 
oxygen-impermeable  layer  causing  lowered  flux  rates. 


7.7  Conclusions 

The  following  coiKlustons  were  dravb n  from  the  gill  testing  work  described  here: 

1 )  The  oxygen  f  itom  scawafcr  to  the  nitrogen  sweep  is  a  function  of  the 
seawater  flow  -te  The  flux  valiws  noticed  in  the  first  expeiimem  (1KS96) 


^Aqaaaautscs  Doeesicni.  TourOi  v-  .rm  (Fi  r^)  TechacaJ  RepcfO  ’  Secuae  2  (19g9) 
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were  not  obtained  again  when  similar  conditions  were  used  again  (2KS02). 
The  oxygen  flux  values  seen  in  the  experiment  with  low  initial  oxygen 
(X)ncentrations  (1KS98)  were  disappointing,  and  could  have  been  affeett^  by 
the  entry  of  water  into  the  ftber  lumen,  as  well  as  the  inability  to  pump  larger 
quantities  of  seawater  through  the 

2)  The  performance  of  the  membranes  could  have  been  affected  by  the  water 
leaking  into  the  cartridge.  Hie  cartridges  shall  be  sent  back  to  their  fabricators 
for  repair  and  tested  again  after  their  return. 

3)  The  model  over-predicted  the  oxygen  fluxes  that  were  obtained,  while  the 
seawater  pumping  power  was  less  than  that  {Htdicted  by  the  gill  model  The 
model  shall  be  compared  with  data  obtained  noo-leaking  gill  cartridges  for 
a  more  complete  an^ysis. 

4)  The  pump  attached  to  the  test  setup  was  not  powerful  enough  to  fmiduce  flow 
rates  in  excess  of  4  gpm  of  seawater.  A  new  and  more  pow^ul  pnmp  shall  be 
arranged  to  facilitate  faster  flow  rates  and  investigation  of  the  oxygen  flux  ai 
higher  pumping  powers. 

5)  The  gill  design  goal  for  the  demonstration  unit  is  3 1  of  volume  for  a  42  ml/min 
flux  from  a  concentration  of  1  ml/1  with  a  power  consumption  of  0.25  W.  The 
best  perfonmnee  obtained  with  the  gill  cartridge  that  was  tested  was  a  flux  of 
8.5  rnl  from  a  concentration  oi  6-8  ml/1  with  a  gill  volume  of  0.57  1  using  a 
pumping  power  of  0.005  W. 


7.3  Work  Ptanned  for  Next  Quarter 

The  experimental  setup  shall  be  fitted  with  a  bigger  pump  in  an  effon  to  increase  the 
seaw«ter  flow  rate  and  espenroents  repeated  with  aJJ  the  caitridgcs  that  are  being  fabricate 
for  this  {noject  Hus  shall  include  the  coated  cartridges  that  have  been  recently  delivered  as 
well  as  iltt  uncc:!r<d  cartndges  after  the  leaks  have  been  repaired. 

In  addition  to  testing,  the  cartndges  that  were  determined  to  leak  shall  tx.  ic.*:!  back  to  AMT 
for  repairs  and  tetested  upon  their  return. 
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EXECUTIVE  SUMMARY 


This  report  is  a  stud$'  of  the  followinx  two  topics: 

(i)  Coaparison  of  Hydrogen  Storagc/oii- 1  irie  Generation 
Methods  (Section-1). 

(il)  ALWATT  Hydrogen  Generntor  I’owei*  Study  (  sec  t  i  on- I  I  ) . 

1  he  first  one  was  to  nsseas  tlie  technoeconoai cs  of  various 
■ethods  of  hydrogen  supply  for  the  Anunnaut Ics  underwater  SPE 
fuel  cell.  The  second  study  was  to  optiaize  an  ALWATT  cell 
that  is  capable  of  providing  25  watts  and  696  al/ain  of 
hydrogen  for  one  year  for  the  lOOW  fuel  cell  sysiea.  The  study 
was  carried  out  as  per  guidelines  froa  Dr.  Saa  Hohanta. 

SECTlON-1:  The  hydrogen  storage/on-line  generation  options  are 
exaained.  These  Include:  (i)  Coapressed  gas  storage,  (ii) 
Liquid  hydrogen  storage,  (iii)  Metal  hydrides  (iv)  Methanol 
reforaer,  (v)  Aluainua  corrosion  and  (vi)  ALWATT  cell.  Of 
these,  aethods  (i)  to  (iv)  are  capital  Intensive  because  of 
pressure-hull  requireaent  and  hence,  are  not  preferred.  Other 
reasons  for  excluding  these  include  voluatric  inefficiency 
(coapressed  gas),  safety  (liquid  hydrogen)  and  additional 
energy  requireaents  (aethanol  reforaer,  FcTiHa).  Calciua 
hydride  (CaHa)«  aluainua  corrosion  and  ALWATT  are  on-line 
generation  aethods  and  do  not  require  a  pressure-hull  because 
of  tlie  open  nature  of  the  systea.  The  cosl/ltg  of  hydrogen  froa 
these  aethods  are  of  the  following  order:  CaHi  >  ALWATT  > 
Aluainua  corroaion  Aa«~ng  the  last  two,  ALWATT  is  preferred 
because  it  is  the  only  aethod  that  provides  hydrogen  and 
suppleaental  electric  power. 

SECTION-II:  The  power  study  has  resulted  In  the  aization  of 
ALWATT  cell  with  respect  to  voluae  and  weight.  The  results  are 
presented  in  the  fora  of  'watts/unit  voluae’  and  ’watts/unit 
weiglit*  that  are  scalable  to  Aquanautics  power  requireaents  of 
present  and  future  needs.  Hnxlaua  power  density  is  sensitive 
to  cell  voluae.  Specifically,  an  ALWATT  cell  capable  of 
delivering  25  watts  along  with  696  al/ainute  of  hydrogen  is 
aodeled.  Cells  with  about  1  ca  aluainua  anodes  and  0.1  ca  gap 
operating  at  0.6  aA/ca^  have  aaxiaua  voluaetric  power  density. 
Details  of  the  analysis  is  presented  in  section-Il.  Optiaal 
power  and  energy  densities  of  ALWATT  cell  and  battery  are 
presented  in  Table- 1. 
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SECTION  -1 

COMPARISON  OF  HYDROGEN  STORAGE/ON-LINE  GENERATION  METHODS 


COMPAKiSON  OF  HVDROOFN  STOIIAGE/ON- LI  NE  GENERATION 
METIiODS  FOR  AQUANAUTICS  FUEL  CELL 


Shaiieah  A.  Stinh  and  R.H.  L.  Rno 
Aliipowcr  Inc., 

6  Clareaont  Road,  Bernardsville,  NJ .  07924,  U.S.A 


I.  INTRODUCTION 

Various  types  of  hydrogcn/oxvRcn  fucJ  cells  arc  used  in 
tf>riestrial  and  space  applications  {!).  Oxyqen  is  sillier 
derived  froa  air  or  supplied  from  a  cryogenic  storage  tank. 
Recently,  Aquanautics  has  developed  an  artificial  gill  that 
concentrates  the  dissolved  oxygen  from  seawater  and  has 
proposed  its  use  in  a  hydrogen-oxygen  fuel  cell  for  underwater 
application.  This  article  addresses  the  cost  of  hydrogen 
supply  for  Aquanautics  fuel  ceil. 

A  number  of  options  exist  for  the  hydrogen  supply  (2).  They 
arc:  (i)  Compressed  gas,  (ii)  Liquid  hydrogen,  (iii)  Metal 
hydride,  (iv)  Methanol  reformer,  (v)  Aluminum  corrosion  and 
(vi)  ALWATT  hydrogen  generator.  The  first  three  methods 
provide  stored  hydrogen  and  the  last  three  relate  to  on-line 
generation  of  the  fuel.  Of  these,  the  ALWATT  hydrogen 
generator  is  new  {3}.  It  provides  not  only  the  required 
hydrogen  but  also  generates  electricity  to  supplement  the 
total  electrical  output  of  the  fuel  cell  power  plant. 

The  cost  of  any  of  the  above  methods  of  storage/on-line 
generation  of  hydrogen  depends  on:  ii)  The  hydrogen  production 
rate,  (ii)  The  service  conditions  -  i.e.,  operating  depth, 
temperature  and  (iii)  The  duration  of  service.  The 
technoeconomics  of  hydrogen  production  for  undersea 
applications  are  different  from  those  for  terrestrial 
applications  because  of  the  special  requ i remeni.s  imposed  by 
operating  depth  (pressure  hull}  and  safety  considerations. 

II.  OBJECTIVE 

The  objective  of  this  report  is  to  evaluate  the  relative 
mcrixn  of  hydrogen  storage/on- 1 Ine  generation  methods  for  a 
75W,  1  year-service  Aquanautics  hydrogen-oxygen  fuel  cell  for 
deep  ocean  application.  Specifically,  It  is  intended  to 
evaluate  tbe  advantages  of  the  ALWATT  hydrogen  generator  over 
other  methoda. 


III.  APPROACH 


As  indicated  in  section-II,  the  cost  of  hydrogen  for  the 
Aquanautics  fuel  cell  la  influenced  by  the  operating 
conditions  (i.e.,  ocean  depth)  and  service  duration.  In  this 
paperi  we  coapare  the  unit  costs  of  hydrogen  by  different 
■ethods,  identify  the  pressure-hull  requ i renents ,  if  anyi  and 
cowaent  on  the  preferred  Method  for  the  Aquanautics  SPE  fuel 
cell. 

IV.  BACKGROUND 

la)  Hydrogen  regulreaent  for  Aquanautics  fuel_celll 

One  aole  of  hydrogen  produces  53.6  napere-hours  (AH)  of 
electricity  at  lOOX  efficiency  and  this  translates  to 
26.8kAH/kg  and  2.4AH/liter  (STP).  Aquanautics  has  defined  a 
hydrogen  requireaent  of  696  al/ain  (STP)  for  a  75  watti 
one-year  service  fuel  cell.  Thus,  the  total  annual  hydrogen 
requireaent  for  the  fuel  cell  is  about  366kl  or  32.7kg(STP). 

lb)  Description  of  hydrogen  storage/generation  schcaei; 

Tlie  following  aethods  were  considered  for  hydrogen  delivery  to 
tlic  fuel  cell: 

A Hid n...i  rtAt .  pg t.hg4a.: 

( i )  Coapreased  gas 
(ii)  Cryogenic  storage 
(ill)  Nctal  Hydride  Storage 

B.  L..OJiir  liag-*gnfii:Ati9n  .agA  ji9Aa.i 

(iv)  Hethanol  reforaer 

(v)  Aluainua  corrosion 

(vi)  ALNATT  cell 

Details  of  the  above  hydrogen  storoge/on- 1 ine  generation 
aethods  are  provided  in  Appendix-1.  Aaaonia  and  hydrasine 
based  aethods  of  hydrogen  generation  were  not  considered 
because  of  corrosion  and  catalyst  poison  probleas. 

V.  ANALYSIS 

ia.1  Conditions  oC  coMparisonm  and  foxBAt- pf-TfiauIUi. 

Coaparison  of  different  techniques  ITnbie-2,3)  for  the  storage 
and/or  on-line  generation  and  delivery  of  696  al/ain  (STP)  of 
hydrogen  for  1  year  is  aade  at  an  ocean  depth  of  0-10,000 
aeters.  For  each  of  the  scheaes,  the  following  coapariaons 
are  aade: 


(i)  Tlio  relnHvo  hy*lroi|rn  roiilonls  on  n  wri^hi  ns  well 
ns  voiuac  bosis.  Those  vnlucs  cxrlinie  the  v'ciglit  and 
voiuae  of  the  pressure  hull,  where  needed. 

(ii)  The  issue,  whether  n  prrssure-hii 1 1  would  be 
required  or  not  is  addressed. 

(iii)  The  relnfive  costs  of  l.he  diJCerenl  schoaes  for 
the  stornge/generni  ion  of  hy»lro«ru  nre  presetited.  The 
costs  exclude  pressure-hull  cost. 

We  subait  that  the  pressure-hull  weight,  voluae  nnd  cost  are 
aarine  structural  engineering  issues  and  should  be  addressed 
separately . 

VI.  RESULTS  AND  CONCLUSIONS 

Table-2  gives  a  coaparison  of  voluae  and  weight  requireaents 
for  hydrogen  storage/generation  alternatives.  The  values  refer 
to  storage  on  land  and  exclude  pr-'ssurcr  hull  contributions. 

ial_  Relative  rank! nit  of  methods  ofL  hydroAeJi 
9  tftiniAg/p.r9.dMfi.t  iya  i 

Froa  table-2  and  table  3  the*  iol lowing  relative  ranking  of  the 
hydrogen  storage/production  methods  is  deduced: 

Weight  Hil  hydrogen:  Cryogenic  storage  s  Methanol 
reforaing  >  Aluainua  corrosion  >  Calciua  hydride  > 

ALWATT  yTransition  aetal  hydride  >  Coapressed  gas 

Penalty  (g  of  hydrogen/cc 1 ;  Aluainua  corrosion  >  ALWATT> 
Calciua  hydride  >  Methanol  reforaing  >  Transition  aetal 
hydride  >  Cryogenic  storage  >  Coapressed  gas. 

t/hR.)-  inv  imilPiL.i.wgl-aa«l-ARiXRiiRlian„ggtl.»-aiid 

..CffBt  =  Aluainua  corrosion  < 
ALWATT  <  Cryogenic  storage  <  Coapressed  gas  <  Calciua 
hydridti?  a  Methanol  reforaing  <  Transition  aetal  hydride 

Rgf*  — terial  Asott  it/im}_e^glviiltig_lJi*.tALlatAQii_aBd 
preaaure  hd^^  cost:  Cryogenic  hydrogen  =  Methanol 
reforaing  <  Aluainua  corrosion  <  Coapressed  gas  <  ALWATT 
<  Calciua  hydride  <  Transition  aetal  hydride 

Details  of  the  cheaislry  and  associated  discussion  for 
assessing  the  cost  are  prcwenled  in  Appei»dtx-i. 


(b)  Preferred  »ethod; 


Tlio  o<;t  i Baled  weight  ntid  voIubc  of  hydrogen  for  the  75  watt,  1 
> oar- sc rv i ce  fuel  ceil  is  3G6kL  (STI*)  or  32.7kg  as  Bcntioned 
in  (IV).  FtoB  econoBics  and  ssfoly  poinis  of  view,  an  on-line 
gon^rnl ion  Bcthod  that  docs  not  require  n  pressure  hull  is 
(•ref  erred. 

Til'*  following  on-line  hydrogen  genernlion  Bolliods  do  not 
irquire  a  pressure-hull:  (i)  The  ALWATT,  lii)  The  nluBinuB 
corrosion  and  (iii)  The  hydrolysis  of  ofilciuB  hydride.  Of 
these,  the  hydrolysis  of  calciua  hydride  is  the  Bost  expensive 
process,  ALWATT  ranks  second  and  aluBinuB  corrosion  reaction 
is  of  the  lowest  cost.  All  the  three  aethods  are  low 
teaperature  processes  operable  with  sen  water.  They  produce 
high  purity  hydrogen  required  for  SPE-tyi>e  fuel  cell 
conteaplaled  by  Aquanautics.  However,  ALWATT  is  the  only 
a''thnfi  that  produces  both  hydrogen  and  electrical  energy,  and 
ns  siirh  is  the  aethod  of  choice  to  sui'pleaent  25W  to  anke  up  n 
lOOW  1-year  power  source. 

Of  the  on-line  hydrogen  generation  processes  that  require  a 
pressure  hull,  the  aethanol  reforaer  has  lowest  fuel  cost. 
Ilfiwever,  the  process  requires  heat  to  evaporate  the  aethanol, 
for  the  generation  of  steaa  and  to  support  the  endotheraic 
reaction.  The  waste  heat  froa  the  SPE  fuel  cell  any  be  used 
for  the  evaporation  of  aethanol.  However,  the  process  heat  and 
stena  will  have  to  be  generated  by  coabuslion  of  aethanol.  The 
coabustion  process  consuaes  about  lUX  of  oxygen  froa  the 
artificial  gill.  Also,  the  carbon  aonoxide  in  the  hydrogen 
streaa  needs  to  be  lowered  to  ppa  level  as  it  is  a  poison  for 
the  hydrogen  electrode  catalyst.  However,  if  a  phosphoric  acid 
fuel  cell  or  a  aolten  carbonate  fuel  cell  is  planned  then  it 
is  likely  that  all  the  required  heat  any  coae  froa  the  fuel 
cell  and  the  hydrogen  electrode  would  be  aore  tolerable  tc 
higher  cJirbon  aonoxide  levels  froa  the  aethanol  reforaer. 
Nonetheless,  this  process  is  of  high  cost  and  increases  the 
total  oxygen  deaand  of  on  SPE  fuel  cell. 

The  transition  aetal  hydride  is  costly  on  a  one-tiae»use 
basis.  However,  the  hydrogen  absorption/desorption  process  Is 
reversible  and  the  cost  of  multiple  use  would  be  lower.  The 
aethod  requires  beat  for  operation.  The  waste  heat  froa  the 
low  teaperature  fuel  cell  is  insufficient  to  support  iheraai 
decoaposiiion .  Hence  is  not  attractive  for  the  SPE  fuel  cell. 
Also,  the  nethod  requires  a  costly  pressure-hull  housing  and 
hence  is  not  preferred. 


Tnl«  I  r  -  I 

HASIS  fiF  IIVim(K:FN  (iKNRHAI  ION  MKHIOOS 


Mr*  I  li<»d 

St  oraRf'/produc  1  iot» 
ExaMplo/coiidi  t  ioitn 

Bnsi  a 

Coapresscd  Ras 

lliifli  ptessure 
atornitr' 

To  conserve 

Vol  IIMC 

l•tqllid  Ilydroftcn 

Special  vessel 
Attrition: IX/dny 

Cryoaeiiic 

Methanol 

ClIaOH  «  KaOs 

COa  ♦  aHa 

Steaa 

reforaer 

Metal  Hydride 

CaHa  4  21^0= 

Ca(OH)a42lla 

Reaction  with 
water 

FeTiHa  ♦  Heat 

FeTilU  4x/2lla 

Theraal 
decoapos i t i on 

Metal 

Al4alkal i/sal t  water 
s  Al  salt  4  Ha 

Corrosion 

Al  ♦  seawater  = 
AKOHh  ♦  Electricity 


Voltaic  cell 


Table  2 

VOLUMETRIC  AKD  GRAVIMETRIC  COMPARISON  QF  HYURQQEH  PRODUCTION 

ALTERNATIVES 


PRODUCTION  HETHED 

HYDROGEN 

CONTENT 

Weight  X 

Vuluae  (g/cc) 

1  )  Coiapresaed  gas  ( a ) 

1.5 

0.018 

2)  Cryogenic  Storage  (a) 

12.5 

0.071 

3)  CalcluB  Hydride  (b> 

9.6 

0.163 

4)  FeTiHi  (a) 

1.8 

0.096 

5)  Methanol  Reforaing  (b) 

12.5 

0.150 

6)  Aluainua  Corrosion  (a) 

10.3 

0.279 

7)  ALWATT  Cell  (a) 

9.8 

0.264 

a)  Reference  3. 

b)  Alupower  eatiMte. 
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TECIINOECONONIC  COHPARlSOif^  OF  DEEP  OCEAN  HVUKOGEN  PROIMJCTION 


STOUA(JF/ PRODUCT  ION  (JN-I.ANU  COSTS  DKFP  OCEAN  COSTS 

SCHEME  liUHK»OKN  INVKSTMENl  PHESSURK  (lUl.l. 


<;ottitrcsscd  Cos 

lU  (n) 

3  2,000  II.) 

Yes 

Oyogcnic  Storage 

6  la) 

16,000  lb) 

Yes 

Calciua  S>>dride  (c) 

243 

— 

No 

FeTiHj  (d) 

700 

- 

Yes 

Methanol  Reforaing 

2  (e) 

sooo 

If) 

Yes 

Aluainua  Corrosion  (g) 

30 

- 

No 

ALWATT  Cell  (g) 

214 

- 

No 

(a)  Coaaercial  quote 

(b)  Annual  rental  cost 

of  ground 

storage 

systea 

(c)  Aiupower  eatiaate  based  on  bulk  cost  of  123/kg. 
(dt  Reference  2. 

(e)  Alupover  estiaate  based  on  $  0.20/kg  actlianol 

(f)  Reference  4 

(g)  Alupover  eatiaate  based  on  internal  costing. 
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APPEND! X-1 


i.  Hi Ah  pressure  atornRe  of  hydrogen  «is:  Ihis  Kolhod  of 
hydroKon  i{ns  stornAe  comod  wlmre  n  relnlivcly  sanll 
qiinnlities  of  hydrogen  is  required.  I’ortnhle  cylinders  of 
hydrogen  stored  nl  2400|»si  are  used  for  Inborntoiy  purposes. 
ro«pressed  gas  cylinders  (16-200  ntias)  are  used  in  the  lorger 
scale  distribution  of  gaseous  hydrogen.  As  seen  fora  Tnblc-2 
roapressed  gas  hydrogen  cylinders  has  (he  lowest  hydrogen 
ronteni  both  g rav i«e t r i ca 1 1 y  and  vo 1 uael r j ca I  1 >  . 

(tii  Cryogenje  storage  of  liquid  hydrogen:  This  is  the 
(•referred  technology  when  large  uuantities  of  hydrogen  aust  he 
stored  or  tronsported  over  long  distances  on  land.  This  is 
probably  the  cheapest  hydrogen  storage  alternative  and  the 
systea  hydrogen  content  is  higher  than  Alwatt  on  a  weight 
basis  as  seers  froa  Table  -2.  The  weight  of  cryogenic  container 
for  the  Aquanautics  annual  reqiiireaent  of  hydrogen  is 
estiaated  to  be  260Kg.  Although,  this  weight  is  less  than  that 
of  ALWATT  cell  (400kg),  the  cryogenic  container  aust  be  housed 
in  pressure  hull  for  a  deep  ocean  application.  The  pressure 
hull  odds  to  systea  weight,  voluac,  cost  end  coaplexlty. 

Also,  there  is  additional  penalty  of  about  IX  evaporative  loss 
per  doy  in  cryogenic  storage  of  hydrogen  and  associated  safety 
concerns.  These  issues  render  cryogenic  hydrogen  storage 
unattractive  for  Aquonautics  use. 

lULL_Met€l  hydride  atorgge: 

(aJ  Caiciua  Hydride;  This  is  used  as  a  reducing  agent  in  the 
chemical  industry.  !t  has  also  been  used  as  a  source  of 
hydrogen  to  fill  reconnaissance  and  weather  balloons.  As 
indicated  in  Table-1,  Callj  reacts  with  water  to  produce 
hydrogen  and  calciua  hydroxide  and  the  reaction  can  be  used 
for  on-line  production  of  hydrogen.  Like  Alwatt,  since  the 
reaction  involves  sea  water  the  calciua  hydride  storage  would 
be  an  open  system  and  no  pressure  hull  would  be  required.  For 
the  Aquanautics  annual  requirement  the  weight  of  calcium 
hydride  is  estiaated  as  350  kg  (based  on  lOOX  utilisation)  as 
compared  to  400  kg  for  Alwatt.  The  corresponding  voluae  of 
calciua  hydride  would  be  about  200  liters  excluding  the  voluae 
of  the  container.  The  system  is  relatively  simple,  however,  at 
t23/kg  of  Calij  the  cost  of  !)}  generation  is  $243/kg  of 
hydrogen  compared  to  the  Alwatt  cost  of  $2 14 /kg. 

ibi  TraDaitlon  aetai  hydrides;  The  principal  of  this  method  is 
that  several  (MJtal,  alloys  and  interaetal ! ics  absorb  hydrogen 
under  pressure  foraing  the  corre9|K>nding  aetai  hydride  and 
release  the  hydrogen  when  rcq»iired  on  heating  and  lowering  the 
pressure.  The  process  is  rexersible  and  the  avet  «ge  cost 
becomes  leas  during  multiple  cycle  use. 


On  a  volumetric  basis  this  method  is  superior  to  Ll»e  cryogenic 
method  but  iias  considerable  disadvantage  on  weiglit  basis 
because  of  tl»e  weight  of  tiie  assoc  lal.od  iiiotal.  Heat  and/or 
pr  essur  e  swing  is  requi  I’ed  for  iiydrogetj  generation.  The  wast  e 
heat  from  the  SPE  fuel  eeij  is  not  sufficient  to  provide  the 
process  iioat.  It  will  have  to  supp  1  ettierr ted  by  electric  hent.ing 
system  or  other  by  other  means,  'this  is  a  disadvantage  of 
transition  metal  hydi-ide  nu’t.hod  for  AMurtnau  t,  i  cs  use. 

( iv  )  Methanol  reformer:  On  a  gravamc t r i c  as  well  as  volumetric 
basis  there  are  disl-incL  advantages  of  storing  hydrogen  in 

combination  with  other  compounds  (e.g.  Nib,  CO  +  211? - > 

CH3OII).  It  would  be  cheaper  to  transport  methanol  than  liquid 
hydrogen  or  rnctal  hydride.  However,  the  methanol  reformer  is 
good  for  a  molten  carbonate  fuel  cell  nrrd  suffers  from  tire 
following  disadvantages  for  Aquanautics  SPE  fuel  cell  use: 

(i)  For  an  on-line  delivery  of  Ijydrogcn  at  a  depth  of 
10,000  meters  the  methanoJ  reformer  will  have  to  be  in  a 
pressure  hull. 

(ii)  The  capital  investment  for-  tl>o  reformer  plant  alone 
to  meet  the  Aquanautics  re«ju  i  reritent  is  estimated  to  l)e 
$8000  based  on  mid-79  methane  reformer-  plant  costs.  SPH 
fviel  cell  does  r»ot  generate  stiff icient  lieat  to  general. c 
steam  and  to  operale  the  reformer.  This  heat  requirement 
will  have  to  be  met  with  by  met.banol  combustion  using 
oxygen  from  the  Aquanau t ics-g i J 1  source.  This  oxygen 
require,  nt  is  estimated  to  be  about  10%  of  the  oxygen 
consumed  by  the  fuel  cell. 

(iii)  The  hydrogen  produced  by  methanol  reformer 
contains  trace  CO,  wliich  is  a  poison  for  the  fuel  cell 
catalyst.  The  hydrogen  from  the  reformer  has  to  be 
puri f ied . 

(vl  Aluminum  Corrosion: _  In  previous  work,  we  have  devoloi»ed  a 

hydrogen  generator  based  on  aluminum  corrosion  in  the  presence 
of  alkali.  We  are  in  the  process  of  developing  a  hydrogen 
generator  based  on  salt  water.  As  18g  of  oJuminum  would 
produce  22.4  liters  (STP)  hydrogeti  In  a  simple  reaction  with 
salt  water,  this  is  an  attractive  approach  to  on-line  hydrogen 
generation.  This  method  docs  not  require  a  pressure  hull 
oneJosuro.  However,  the  i>rocedure  is  not  fully  developed  and 
docs  not  generate  the  supplemental  electrical  power  as  ALWATT 
cell . 


»4 


(vi)  ALWATT  hydrogen  generator;  A  rowplf'lc  Alwnll  genornior  to 
(  llio  A'pinnau  I  i  (' R  llj  dmiMiDt  nl  U  Hr®  C  mut  tOUO  ntm.  wonlit 
wfji*3)  nf'prox  i  mrtlp  1  V  tO(J  k((  niul  Imvo  n  xoliiKr  of  180  llt.ciM. 

valors  inctiido  20\  sliiint  corf  ret  i  oti !  .  Tlit*  cost  of  the 
Cmornlor  a<?  ctiovti  iti  llio  tntilr  doos  not  inejnde  ttie  cost  of 
hydtotff>ti  tecovery  forio  Itio  clcclrolyte  and  tlic  associnted 
pumping  costs  intoivc<t.  We  ptoRume  limt  pum[>ing  cost  could  be 
minimi  red  by  divert  itig  t  ti^'  outlet  stronm  from  the  oxygen 
COM*,  cnl  ralor  into  tlie  Al.WATT  cell. 


SECTION  -II 


ALWATT  HYDROGEN  GENERATOR  ROVER  STUDY 


ALWATT  HYDROGEN  GENERATOR  POWER  STUDY 
AQUANAUTICS  FUEL  CELL 

Shall #iih  Shah  and  B.H.L.  Rao 
Alupower  Inc,  6  Clarenont  Road,  Bernardaviile,  NJ  07924 


I .  INTRODUCTION 


This  is  a  roaputer  aoHolinq  sliidy  of  the  ret  at  ionslii  p  between 
l»ower  icenerated  and  the  ALWATT’**  syslea  size,  weight, 
operating  depth  and  teapeiature.  It  is  carried  out  to  optimize 
the  voluaetric  and  gravimetric  power  densities  of  ALWATT  at 
operating  conditions  varying  from  0-10,000  meters  ocean  depth 
and  0-20  deg  C.  Specifically,  the  modeling  is  carried  out  for 
an  ALWATT  cell  capable  of  delivering  25  watts  together  with  a 
hydrogen  production  rate  of  696  mi/min  for  l-year  as  per 
Aquanautics  directive  {1}. 

II.  POWER  STUDY 

Modeling  of  a  parallel  plate  Alwatt  cell  that  is  open  to  sea 
water  was  done  to  determine  the  peak  power  densities  with 
respect  to  weight  and  volume.  The  theoretical  approach  used 
is  discussed  below.  The  key  data  used  were  obtained  from 
literature  and  laboratory  results.  They  are  discussed  in 
Appendix-I . 

(i)  QPtlaiaatitfn  with  rcipect  io  voIuRe; 

The  power  per  unit  volume  obtained  from  an  Alwatt  battery  is 
given  aa: 

where , 

VPD  s  Volumetric  Power  Density  (W/1) 

E  a  Alwatt  cell  EHF  l volts) 

IRL  =  IR  loss  (volts) 

i  e  Current  Density  (A/ca*2) 

A  =  Cell  Area  (cm''2) 

N  =  No  of  cells 

nv  «  Battery  volume  ( 1 ) 

Based  on  the  equilibrium  and  kinetic  equations  for  the 
hydrogen  and  aluminum  half  cells  presented  in  the  previous 
report  (2)  the  relationship  between  the  ALWATT  emf  and  current 
density  is  derived  in  eq.-(2); 


E  =  1.25+2.303RT/F*(0.06T-19.6-pll-log(i*  )-l/E*(log(P)))  -(2)^ 
where , 

T  =  Cell  Teapernture. (  deg  K) 

F  =  9650U  coul/cq, 

pH  =  Electrolyte  pH  next  to  the  hydrogen  electrode, 

P  =  Pressure  (ata.  ) 

111'’  IH  loss  (IHh)  en<-<Minl  ercil  in  fin*  r  I  oc  t.  lo  1  >  tc  gap  is  given 

MS : 

nil.  =  i*R(T)*G - . - - -(.'ll 

wild «? , 

lt(T|s  Electrolyte  resislivily  nt  teapernturc  T  (ohn-cal 
G  =  Cell  Gap  ( ca I 

The  Battery  voluae  can  be  calculated  as: 

BV  =  ;Alth  ♦  G)  •  A  ♦  N - (4  ) 

where , 

Alth=  Aluainua  thickness  (ca) 

Substituting  equations  (2),  (31  and  (4)  in  equation  (1)  we 
obtain : 

VPO  =  1(1.25  ♦  2.303  RT/F  ♦  (O.OOT  -  19.6  -pH  -  logi i^  )  -  1/2 
Jog(P)  -  i  ♦  RIT)  ♦  G  }  ♦  i  I  /  I  Alth  ♦  G  I  ....  (51 

A  graphical  solution  of  the  above  equation  was  sought  and 
curves  of  power  density  versus  current  density  were  generated 
for  different  coabinations  of  teaperatures ,  pressures  and 
initiol  and  final  (after  discharge)  cell  gaps.  These  curves 
are  presented  in  Figures  1  to  6. 

i ftp stlL ViS respect,  to weight i 

For  an  ALWATT  battery  aluainua  contributes  to  alsost  95X  of 
the  total  weight  of  the  battery.  The  variation  in  the 
aluainua  capacity  (AH/g)  is  too  saoll  to  have  any  incidence  on 
the  aaxiaization  of  power  with  respect  to  weight.  The 
\ ariat  ion  in  g ravine trie  power  density  (GPD)  is  shown  by  the 
following  equation: 

GPD  =  Power/weiglit 

s  (Cell  E.H.F. )•( ALUMINUM  CAPACITY )/( CELL  ENDURANCE)  ..(6) 
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111.  RESULTS  AND  DISCUSSION 

A.  OPTIMIZATION  OF  VPP  tW/kLI. 

i.»l  Effg.C-t  Qf  vAr-lation  pf  initial  asp  of  the  cell; 

Fij<ure-1  and  FiKure-2  ilitistrate  the  variation  of  Vl’L  of  the 
ALWATT  cell  with  initial  giap  (0.1  to  O.Sca)  operatinR  at  20®C, 
I  alaoapherc  and  0®C  and  1000  ataosphere  (otal.  Fifture-I  shows 
that  the  peak  power  density  drops  f roa  2*18  W/kl  at  0.5  ■A/ca*2 
to  205  W/Kl  at  1.5  •A/ea“2  when  the  initial  cell  gap  increases 
f roa  0.1  CB  to  0.5  ca  at  20C,  I  ata.  Siailar  effect  of 
lowering  of  the  power  density  with  increasing  initial  gap  is 
noted  in  Figure-2  for  the  low  teaperature  and  high  pressure 
conditions. 

UlI  Effect  of  vrXAtiQit  of  teaperature  and  pressure 

Figure  3  and  Figurc-4  show  that  the  VPD  eaxiaua  occurs  at  0.5 
BA/cn'‘2  and  O.I  ca  initial  gap  and  is  independent  of 
teaperature  and  pressure.  However,  the  value  of  the  aaxiaua 
changes  froa  248  W/kl  to  239  W/kl  as  the  teaperattire  decreases 
froa  20®  C  to  0®C  at  1  ata.  (Figure-3).  Siailar  results  are 
obtained  for  the  teaperature  dependence  at  operating  pressures 
of  1000  ata.  (Figure-4). 

l.bJ  £fgccl_Ql_  incteaae  in  ceil  asp  with  depth  of  diacharRe; 

The  discussion  that  follows  is  for  an  ALWATT  battery  at  its 
initial  cell  gap  of  0.1  ca.  It  is  iaportant  to  realise  that  at 
0.5  CB^  the  aluainuB  anode  thickness  is  about  1.1  ca  and  as 
the  aluainua  is  consuaed  during  cell  discharge  the  electr.Tlyte 
gap  increases  fora  O.lca  to  1.1  ca  at  the  end  for  90X 
utilization  (external  cur’^ent  *  corrosion)  of  the  anode.  This 
increase  in  the  gap  with  depth  of  discharge  affects  the 
aaxiaua  power  that  can  be  drawn,  since  t)>e  IR  loss  increases. 
The  VPD  dependence  on  current  density  at  the  end  of  discharge 
is  shown  in  Figure-6  for  cells  with  0.1  ca  initial  gap.  The 
results  show  that  tlie  peak  power  density  reaalns  at  0,5  aA/ca^ 
at  the  end  of  discharge  and  is  indepc^ndent  of  the  teaperature 
and  pressure  of  operation. 

B.  OPTIMIZATION  OF  GRAY IHETKIC  POWER  DENSITY  (W/kgl 

Tlie  VPD  of  the  cell  is  aore  sensitive  to  current  density  than 
the  GPD.  Therefore,  it  is  appropriate  to  design  the  ALWATT 
cell  baaed  <  ^  the  voiuaetric  peak  power  and  deduce  the 
corresponding  graviaetric  power.  For  the  conditions  of 
aaxiaua  VPD  discussed  above,  the  graviaetric  power  density  is 
0.06  W/kg. 


C.  ENERGY  DENSITY 


The  projected  energy  densitieJt  for  o  25W,  l-yeiir  ALWATT  cell 
operating  at  O.S  mA/cm^  and  0.1  ca  initial  gap.  and  for  UC. 
lOUO  ata.  conditions  are  770W||/kg  and  179fi  WII/1  based  on 
initial  conditions.  Energy  densities  at  the  end  of  discharge 
ore  slightly  lower  (701  Wll/kg  and  1734  WII/1)  dne  to  increased 
gap  troa  anode  dissolution  and  consequential  increase  in  IR 
loss . 

D.  BATTERY  DESIGN 

An  exaaple  of  a  6V,  25W,  1-year  service  battery  incorporating 
shunt-loss  ccapensation  (three  additional  cells  and 
shunt-fins)  is  presented  in  Appendix-II.  The  shunt-loss 
coapensation  used  is  based  on  other  experiaents  has  not  been 
optiaized  for  the  ALWATT  of  this  study.  In  coaparison  to  the 
cell,  the  battery  is  about  25-30X  lower  in  VPD,  OPD  and  the 
energy  density  (Table-1)  due  to  the  aethod  shunt-loss 
coapensation  used. 

ir.-Sjy[mtAB3LAiiPjcQa&^^^ 

(i)  Haxiaua  voluaetric  power  for  an  ALWATT  cell  is  obtained  if 
the  design  is  based  on  an  operating  current  density  of  0.5 
aA/ca''2,  and  0.1  ca  initial  gap,  irrespective  of  the 
teaperature  or  depth  of  operation.  Under  these  conditions,  the 
anode  thickness  is  about  1.1  ca  for  25W  1-year  service. 

(i)  The  operating  conditions  in  (i)  results  in  high  energy 
density . 

(iv)  The  nuaericsi  results  for  the  cell  and  battery  paraaeters 
at  the  end  of  discharge  are  of  interest  in  assessing  the 
ALWATT  capability.  This  is  suaaarized  in  Table-1. 


MAXI HUH  POWER  AND  ENERGY  DENSITIES  AT  END  OF  DISCHARGE 

(lUDU  nlH,  DC) 


Paraacter  Cell  Dnltery  (♦) 


H/kl 

198 

138 

W/kg 

0.08 

0.06 

WIi/Kg 

70! 

534 

WH/1 

1734 

1207 

(*)  Not  optiaised  for  shunt-loss  coaponsat ion. 
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Figure-3 

POWER/VOLUME  Vs  CURRENT  DENSITY 
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Figure-4 

POWER/VOLUME  Vs  CURRENT  DENSITY 
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Figure-5 

POWER/VOLUME  Vs  CURRENT  DENSITY 
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Figure-6 


POWER/VOLUME  Vs  CURRENT  DENSITY 
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APPENDIX  I 

The  following  inforaation  was  used  in  the  optiaisation  study 

(i)  Aluainua  density  - -  2.7  g/ec 

(11)  Aluainua  Capacity - ~  1.5  AH/g 

(value  based  on  cxperiaeiital  results) 

(iii)  Aluaintia  lialf  cell  voltage - -  -1.25  vs  NIIK 

An  discussed  in  llie  pi  ev  ions  report  the  half  <ell  potent  in  I  of 
AlnaiiiuB  dues  not  eliMiigr  s  i  gn  i  f  i  enn  >  I  y  with  the  np|-died 
eiirient  over  font  ilemdes  fro*  0.1  iiiA/eBi*2  In  I OO  •A/«'a  2. 

Thus  E*  1  =  -1.25  V  vs  NIIK  and  is  assuaed  to  he  i  ndei*en«leul  ol 
ptessure  and  teaperature  in  the  region  of  AlwalL  tell 
operation. 

(iv)  Alwatt  exchange  current  density  - Log  (io)=  0.03T-9.8 


1  he  above  dependence  of  esrhange  rurrenl  density  oi 
teaj'erature  was  deri%ed  froa  lileralnre  data  where  T  is  in  deg 
K  and  to  is  gi^eii  in  aA/ra*  .  The  pressure  dependence  of 
cxehnnge  current  has  been  ignored  because  of  uncertainty  in 
literature  data. 

(v)  Electrolyte  pH - -  10 

The  electrolyte  pH  next  to  the  hydrogen  electrode  has  been 
found  to  be  equal  to  10  due  to  the  high  concentration  of  OH' 
ions  there. 

(vil  Electrolyte  Reristivity; 

The  foilowina  values  of  resistivity  of  N*Ci  soiutios 

were  obtained  froa  literature: 

0®  C  =  38.34  oha-CB 

10"  C  =  28.78  oh»-cB 

20*  C  =  24.85  otta-cB 

The  pressure  dependence  of  the  iotic  conductivity  has  been 
neglected . 


AEPEMlJi-nLI 


CONCEPTUAL  DESIGN  OF  A  6  VOLT  ALWATT  BATTERY: 

Tho  following  is  an  oxoainlc  of  n  6  volt.  Alwatt  battorv  cnpnbie 
of  deliverini?  696  nl/min  of  Lydropen  and  25  watts  for  1  year. 
The  design  paraaeters  including  the  shunt-loss  coapensaiion 
for  the  cell  at  the  end  of  discharge  are  as  follows: 

5)  Peak  power  density  at  t'^  C ,  1000  atn,(  Fig-6) 198  W/kl 

2)  Corresponding  Current  Density  -  0.5  aA/ca* 

3)  Aluninua  thickness -  1.08  ca 

(0.0005  IA/cbM*8760  lKJ)/(i.5  I  AH/g  J*2 . 7  (  g/cc  j  ) 

4a)  Nusber  of  Cells  before  shunt  coapensation  —  13  cells 

(  6  {voltsj/  .465  (volts/cclll  ) 

4b)  Nuaber  of  Cells  with  shunt  coapensation  --  16  cells 

5)  Initial  cell  gap - - 0.1  ca 

6)  Final  cell  gap -  1.07  ca 

7)  Current  -  4.17  aaps 

(  25  (wattsl/(  6  (volts))) 

8a)  Ceil  area  at  0.5  bA/cb^ »  (130*64.2  cb® )  8340  CB^ 

8a)  Cell  area  (130*72  ca*  with  shunt  fins)  - -  9360  ca^ 

9)  Battery  Voluae  with  shunt  coapensation  - -  181.4  1 

(  9360cb*  ) • ( 1 . 1 8 ( CB j *  1 6cel 1 s J ♦  0.5(cB,end  plate  thickness)) 

10)  Battery  weight  - - - -  410  kg 

(8340C82  *1 .08cb*2. 7g/cc*16celis  /0.95  ) 


:  I  I ' 
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FINAL  REPORT 


FABRICATION  OF  AQUANALTICS'  GILL  ME}1BRAN£  MODLXE 

P.O.  #1360 

The  attached  SECTIONS  A  -  B  -  C  constitute  the  entire  Final  Report  representing 
Che  conclusion  of  Aquanautics'  P.  0.  1360. 

SECTION  A  consists  of  Design  Methodologies  associated  with  fabrication  procedures 
for  Che  Artificial  Gills.  Both  Gill  Assembly  and  Petting  procedure,  ere  describ¬ 
ed  in  Section  A.  All  eight  agreed  upon  Nenbrane  Cartridges  were  fabricated  per 
Che  design  specifications  shown.  These  Gill  Cartridges  contained  2.5  square 
aeters  and  1.0  square  eeters  respectively,  with  the  exception  chat  two  of  the 
plasaa  coated  units  of  Design  #1  ended  up  approxiaately  SZ  less  in  total  surface 
area. 

SECTION  8  details  the  asstapclons  which  go  into  a  proprietary  AMT  Cossputer  Model 
for  coaercial  production  scale,  rough  order  of  saagnitude,  price  esclsaces. 

Using  the  coating  seChod  for  AMT's  Artificial  Gill  Meabrane  and  autexaated 
asseably  equipeenc  for  the  Cartridges  yields  pricing  estieates  as  shown  in 
Section  B.  This  Model  also  for&s  an  integral  part  of  the  basis  for  developsent 
plans  and  projected  developaienc  costs  for  Section  C. 

SECTION  C  details  the  overall  developoent  strategic  objectives  for  scaling  up 
Meabrane  Cartridge  aanufacturing  under  a  world  class  aanufacturing  prograa,  as 
well  as  the  how-to's  and  tools  needed  to  put  such  a  prograa  and  facility  into 
place  over  five  years.  Much  of  this  fraacwork  is  borrowed  froe  Arthur  Young  and 
Coapany's  National  Director  of  HanufacCuriag  Consulting  Group,  Tho«eas  B.  Gunn. 

AMT  has  selectively  incorporated  Arthur  Young  and  Coopany's  recomendat ions 
which  AMT  believes  to  be  relevant  to  getting  its  facilities  of  today  up  to  pro¬ 
duction  voluaes  suggested  by  Aquanautics  -  five  years  out.  The  largest  costs 
are  associated  with  capital  equipoent.  Furthensore,  the  assusptions  detailed  in 
Section  &  are  considered  to  fora  an  integral  part  of  Section  C. 


DESIGN  METHCDOLCGY  FOR 


MEMBRANE  CARTRIDGE  FABRICATION 


MEMBRASE  CARTRIDGE  FABRICATION 


The  sesbrene  cartridges  were  designed  as  a  conprooise  between  the  desires  of 
Aquanautics  Corporation  and  the  linltations  of  the  available  fabrication  equip- 
sent.  The  outually  agreed  upon  design  paraseters  are  listed  below: 


DESIGN  PARAMETERS  FOR  THE  MEHBRA!iE  CARTRIDGES: 

Design  Paraceters  Design  »1  Design  =2 


Fiber  outer  diaseter 
Length  of  Fibers 
Thickness  of  Fiber  Bed 
Breadth  of  Fiber  Bed 
Inter-Fiber  spacing 
Total  Surface  Area  Fibers 


290  nicrons 
0.254  n 
25.4  ca 
89  ra 
1.56  X  OD 
2.5  sq.  seters 


290  nicrons 
0.254  a 
25.4  aa 
89  C3 
2.5  X  OD 
1.0  sq.  aecers 


The  eecbrane  cartridges  are  designed  to  be  of  a  cross  flow  design.  Therefore 
the  center  section  of  each  cartridge  is  open  to  allow  fluid  flow  through  the 
cartridge  perpendicular  to  the  fibers.  The  structure  of  the  cartridges  is 
illustrated  in  the  attached  drawing. 

The  fiber  bundles  were  fabricated  on  a  sDodified  LaBlond  setal  turning  lathe  to 
provide  control  of  the  inter-fiber  spacing.  A  fiber  guide  pulley  was  attached 
to  the  Cool  carriage  and  Che  screw  thread  cutting  gears  were  engaged  sc  that  the 
tjol  carriage  would  oove  relative  to  the  rotation  of  the  chuck.  The  proper 
gears  were  engaged  to  give  the  desired  fiber  spacing.  The  setting  of  56  turns 
per  inch  was  used  to  achieve  the  fiber  spacing  factor  of  1.56  X  OD  and  36  turns 
per  inch  was  used  for  the  fiber  spacing  factor  of  2.5  X  OD.  A  DC  tsotor  with 
speed  controller  was  used  to  turn  the  lathe's  chuck  so  that  precise  control  of 
rotational  speed  could  be  aaintained. 

The  fiber  could  not  be  pulled  onto  the  winding  fixture  directly  since  the  fiber 
tension  needs  to  be  carefully  controlled.  AMT’s  custo*  unwind  stand  was  used 
to  achieve  unifora  and  controlled  fiber  tension.  This  ftxure  consisted  of  a 
series  of  pulleys  and  dancer  aras  through  which  the  fiber  was  threaded.  One 
dancer  am  had  a  proxiaity  sensor  that  sensed  the  position  of  the  ara.  The 
output  of  this  sensor  was  used  to  control  the  speed  of  a  stepper  cotor  attach¬ 
ed  to  the  spool  of  fiber.  The  controls  are  set  so  that  as  fiber  tension 
increases  the  unwind  rate  increases  to  decrease  tension.  AMT's  fixture  allowed 
the  tension  of  the  fibers  to  be  controlled  to  levels  of  between  3  and  5  grans. 

The  winding  fixture  was  designed  to  wind  two  cartridges  at  a  tioe.  the  fibers 
are  wound  directly  into  the  frasework  of  the  codules.  The  side  rails  and  back¬ 
side  crossEcabers  are  solvent  bonded  together  to  fom  an  open  U  shaped  channel. 
This  fraoework  is  counted  onto  a  plate.  Two  of  these  plates  are  counted  back  to 
back  on  a  shaft  held  between  the  chuck  and  cailstcck  of  the  lathe.  This  shaft 
has  a  pulley  attached  chat  is  driven  by  a  DC  cotor. 


The  thread  cutting  feature  on  the  lathe  is  used  to  control  the  spacing  between 
fibers  as  each  layer  of  fiber  is  wound.  The  spacing  between  each  layer  of 
fibers  is  controlled  through  the  use  of  plastic  spacers  with  pressure  sensitive 
adhesive  chat  also  glue  the  fibers  in  place.  These  spacers  are  used  on  each  end 
of  the  Eodule  and  also  on  the  two  intermediate  crossbars.  The  coobinacion  of 
the  adhesive  thickness  and  plastic  aaterial  thickness  yields  the  required  inter- 
fiber  spacing.  At  the  ends  of  the  cartridge  the  adhesive  scrips  mount  onto  an 
aluninua  strip  with  long  screws.  The  strips  are  die  cut  with  holes  located  to 
fit  over  these  screws.  These  aluxiinun  strips  have  short  legs  that  index  off  of 
the  end  of  the  cartridge  framework.  This  arrangement  keeps  the  fibers  located 
properly  and  under  the  proper  tension  when  the  cartridge  is  removed  iron  the 
frane  foi  pulllu)^. 

The  winding  of  Che  cartridge  is  accomplished  by  positioning  the  tool  carriage 
so  that  Che  guide  pulley  is  located  at  one  side  of  Che  cartridge  frame.  The 
double  sided  adhesive  scrips  are  placed  at  the  four  locations  (two  ends  and  two 
in  the  middle)  of  each  cartridge.  The  fiber  is  threaded  through  the  unwind 
fixture  and  taped  to  Che  winding  fixture.  The  DC  motor  is  turned  on  slowly  and 
the  fixture  is  turned  the  proper  nxmber  of  turns  to  form  one  layer.  Turns  are 
counted  with  the  use  of  a  electronic  counter  that  is  activated  by  a  cam  and 
switch  on  the  winding  shaft.  As  the  winding  fixture  turns  the  Cool  carriage 
traverses  and  the  fiber  is  spaced  out  across  the  width  of  the  cartridge.  Vhen 
a  complete  layer  is  formed ,  the  winding  is  stopped  and  a  layer  of  adhesive  strips 
is  put  over  the  fibers  in  the  four  places  mentioned  above.  The  feed  direction 
of  the  tool  carriage  is  reversed  and  the  next  layer  of  fiber  is  w'ound.  Since 
the  gear  train  of  the  lathe  has  some  backlash,  the  tool  carriage  does  not  start 
to  traverse  until  the  winding  fixture  has  turned  approximately  one  half  revolu¬ 
tion.  This  delay  in  starting  the  traverse  back  across  the  cartridge  provides 
an  offset  in  Che  fiber  spacing  between  layers  so  that  the  fibers  are  staggered 
when  viewing  the  fiber  bundle  front  to  back.  This  process  is  repeated  over  and 
over  until  the  required  number  of  layers  is  formed. 

When  the  fiber  bundle  is  forced,  alusinuB  strips  are  placed  on  each  end  of  the 
cartridges  so  chat  the  adhesive  scrips  are  sandwiched  between  it  and  the  bottom 
aluminum  strip.  The  remaining  pieces  of  the  cartridge  framework  are  bended  in 
ylace  and  then  the  fibers  on  each  end  are  cut  so  that  the  two  cartridges  are 
independent.  The  cartridges  are  then  removed  for  potting. 


MODULE  POTTISC  OUTLINE 


This  process  outline  applies  to: 

A.  Potting  of  two  codules  at  once. 

B.  Application  of  the  50  inch  spinner  are. 


PROCEDURE: 


1.  Inspect  potting  boats.  Make  sure  that  they  are  clean  and  intact. 
Replace  if  necessary. 

2.  Dip  seal  the  fiber  bundle  with  silicone  RTV.  This  prevents  the 
polyurethane  froe  flowing  into  and  plugging  the  fibers. 

3.  Apply  a  thin  layer  of  silicone  grease  around  the  end  of  the  oodule 
and  insert  it  into  the  boat. 

4.  Screw  a  10-32  x  1/8"  barbed  nylon  elbow  into  the  side  of  the  boat. 

5.  Solvent  bond  two  inches  of  5/32”lD  x  1/4"  00  PVC  tubing  to  one  end 
of  a  three  inch  piece  of  1/4"  ID  x  3/8"  OD  PVC  tubing  using  cyclo¬ 
hexanone.  To  the  ocher  end,  solvent  bond  a  piece  of  3/8"  ID  x  1/4" 
(ffi  PVC  tubing  equal  in  length  to  the  potting  station  distance  on  the 
spinner  aro.  Cut  a  s»all  notch  in  the  3/8"  OD  cubing  near  the  end 
bonded  CO  the  longer  piece.  This  will  allow  air  to  escape  free  the 
line  when  glue  is  injected  Into  the  aodule.  (Alternately .  provide 
an  overflow  tube  to  the  boat  and  utilize  5/32"  ID  x  1/4"  OD  PVC 
tubing  for  the  entire  Cubing  systea) . 

6.  Preheat  the  spinner  aachine  by  turning  on  the  fan  and  setting  the 
heater  eleacnt  at  175*F. 


7.  Secure  the  eodule  and  the  tubing  in  the  spinner  arr  channel  with 
Alu&inua  Angle  and  Bunge  cords.  Two  sodules  eust  always  be  spun  at 
Che  sane  ciste.  This  will  insure  proper  balancing  of  the  systea. 


8.  Next,  prepare  the  polyurethane  resin. 

The  recipe  calls  for  54Z  Polycin  942  and  46Z  Vorite  689. 

For  one  aodule  end,  aix  86.4  grass  of  Polycin  941  with  73.6  grajxs 
of  Vorite  689  in  a  6C0  el  plastic  beaker. 


For  two  sodulcs,  aix  86.4  grass  or  Polycin  942  with  73.6  grzss  of 
Vorite  689  in  two  600  al  plastic  beakers.  Each  oodule  end  should 
require  about  805  to  90Z  of  the  resin  to  be  properly  filled.  Mix 
thoroughly  with  s  tongue  depressor  and  degas  the  mixture  In  a 
vacuua  dessicator  under  29^  in  Hg  until  bubbling  ceases. 


9.  Cut  a  three  Inch  piece  of  copper  tubing  with  a  tubing  cutter  and 
bend  it  to  about  a  120*  angle.  Fit  the  tubing  onto  the  luer  tip  of 
a  20  cc  syringe. 

10.  Pull  the  plunger  and  pour  the  degassed  resin  into  the  syringe  while 
holding  your  finger  over  the  end  of  the  copper  tubing.  Re-insert 
the  plunger  and  flip  the  syringe  upright.  Expel  air  free  the 
syringe  by  depressing  the  plunger.  (Steps  9  and  10  say  be  eiicina- 
ted  if  you  utilize  an  overflow  tube). 

11.  Start  the  spinner  and  adjust  RPM  so  that  the  sodule  end  has  an 
acceleration  of  at  least  150  g  (Table  1).  RPM  can  be  checked  with 
the  strobe.  The  temperature  in  the  spinner  should  be  between  110“- 
115’F.  Inject  the  resin  into  the  top  notch  of  the  resin  distributer 
in  small  volumes  across  a  3  to  5  minute  span.  It  takes  a  small 
amount  of  time  for  the  resin  to  evenly  distribute  around  the  fibers, 
and  adding  multiple  small  volumes  will  help  prevent  over-filling  the 
module.  The  resin  level  car.  be  monitored  by  observing  the  fill 
level  in  the  clear  resin  addition  tube.  Inject  resin  into  the 
bottom  notch  of  the  resin  distributor  and  fill  the  second  module  in 
the  same  aanaer. 

12.  Fill  in  the  module  type,  the  starting  temperature,  the  RPX's,  and  the 
starting  time  in  the  Log  Book. 

13.  Continue  to  spin  the  modules  for  90  minutes  at  110°  -  li5°F  to  allow 
the  resin  to  set . 

14.  Fill  in  ending  time  and  temperature  in  the  Log  Book. 

15.  Remove  the  nodule  from  the  spinner  arm  and  allow  the  resin  to  set  for 
30  minutes  at  room  temperature.  Then  renove  the  potting  elbow  from 
the  boat  and  twist  the  boat  off  the 'module. 

16.  With  the  band  saw.  saw  the  end  of  the  module  off  just  below  the 
score  line,  (1.5s^  fros  the  end)  Make  sure  this  step  is  done  within 
1  hour  fro®  the  end  of  potting. 

17.  Cut  through  the  polyurethaae  in  one  smooth  cut  with  *  razor  blade. 

18.  Check  the  cut  end  of  the  module  under  the  microscope  to  verify  that 
the  fibers  are  open  properly. 

Allow  the  urethane  to  set  for  46  hours  at  room  temperature  or  four 
“*  The  module  is  now  ready  for  sealing  on  Its  endcaps 

and  then  for  leak  testing. 
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TABLE  (m 


Rpa's  required  to  attain  150g  at  eacb  potting  station  along 
tbe  50  inch  spinner  aro: 

Ay*  rw2 

For  Bax.  •  730  rpo  (12.2  rps) 

w  •  76.3/sec 
w2.5826/sec2 


L.U°i 

11 

633 

13 

636 

15 

594 

17 

558 

19 

527 

21 

502 

23 

479 

25 

460 

SECTION  B 


PRICE  ESTIMATES  FOR  PRODUCTION  SCALE  CARTRIDGES 


ASSUMPTIONS  INPUT  SECTION 


Yaar  1  Year  2  Year  3  Year  4  Year 


Funding 

Funding  Provided  for  Venture 

Sale  Deauind  (Equal  to  Venture  Output) 

AMT 

Property  and  Equipsent  Related 

Property  &  Equipoent  inflation  Factor 
Nuaber  of  Coating  Machines 
(k)ating  Machine  Cost 
Capacity  (sq.ft. per  shift) 

Capacity  Discount  Faccor 
Coating  Method  1 

Nuaber  of  Bundling  Machines 
Bundling  Machine  Cost 
Other  Equipsent  Additions 
Nuaber  of  Machine  Shifts 
ELcquired  Warehouse  Space  Per  Machine 
(sq.ft) 

(k>st  of  Warehouse  Space  (per  sq.ft) 
Leasehold  laprovcaent  Additions 
Usefull  Life  of  Equipeeot  (years) 

Operating  Costs  Related 

Operating  Costs  Inflation  Factor 
Fiber  (^t 

Average  Fiber  Inventory 
Coating  Costs  (per  sq.ft.) 

Coating  Method  1 
(k>ating  Mix 

Coating  Method  1 

Scrap  Factor 

Production  Cost  Markup  (per  sq.ft.) 
Encapsulating  Cost  (per  sq.ft.) 

Method  1 

Encapsulating  His 
Method  1 

Utilities  (Porportions)  w/#  of  Machines) 
Cases  (Per  shift) 


WAGES  ASD  EMPLOYEE  BENEFITS 


Year  1  Year  2  Year  3 


Year  4 


Day  Shift 

Operator  #1 
Operator  #2 

Operator  #3  (When  Coating  Machines)*6) 

Operator  #4  (When  Coating  Machlnes)-6) 

Operator  #3  (When  Coating  Machinss)"10) 

(hiality  Control/Winder 

Potter  Operator  #1 

Potter  Operator  12  (When  Sondlet)-2 

Potter  Operator  #3  (When  Bundler)>3 

Materials  Handler 

Plant  Manager 

(hiallty  Control /Winder 

Night  Shift 

Percentage  of  Day  Shift  Coating  Operators 
Eaployee  Benefits  &  Payroll  Taxes  (Addt'l) 

Insurance  (Porportional  w/#  of  Machines) 

Supplies  (Porportional  w/#  of  Machines) 
Miscellaneous  (Porportional  v/#  of  Machines) 

General  and  Adisinistracive  Cost  Related 

(^neral  4  Adsinistrative  Costs  Inflation  Factor 
Office  Space  Requircaents  (sq.ft.) 

Office  Space  Cost  (per  sq.ft.) 

Utilities 

Wages  &  Eaployee  Benefits 
Office  Manager 
Office 

Eaployee  Benefits  &  Payroll  Taxes  (Add'l) 
Telephone 
Travel 

Professional  Services 
Managesent  Fees 
Miscellaneous 

Other  Assuaptlons 

Average  Accounts  Receivable  Days 
Average  Accounts  Payable  Days 


CALCULATIONS  SECTKRi  (no  input  required) 


Year  1 


Year  2 


Year  3  Year  4  Year  5 


Total  Funding 
Sales 

Sales  VoluM  (sq.ft. fiber) 

AMT 

Sales  Dollars 
AMT 

Cost  Per  Sq.  Ft. 

Average  Production  Cost  Per  Sq.  Ft. 
Average  Profit  Per  Sq.  Ft. 

Average  Selling  Price  Per  Sq.  Ft. 

Property  and  Equipaent  Related 

Property  and  Equipaent  (AT  Cost) 
(xMtlng  Machines 
Btmdling  Machines 
Other  Equipaent 

Production  Capacity  (sq.ft) 

Operating  and  G&A  Cost  Related 

Leased  Space  •  Production 
-  Office 

Purchased  Fiber  (dollars) 

(k>ating  Costs 
Encapsulating  Costs 
Cases 

^ages  i  Eeployee  Benefits  *  Production 


-  Office 


CAPITAL  EQUIPMENT  REQUIREHENTS 


CAPITAL  EQUIPMENT 
INVESTMENT 


P&ICE/SQ.FT. 
(Module  basis) 


YEAR  1  YEAR  2  YEAR  3  YEAR  A  YEAR  5 

(403  K  sq.ft)  (2  MM  sq.ft)  (7§  MM  sq.ft)  (15  MM  sq.ft)  (20  M>!  sq.ft 


S  1.215,000  5,100,000  16,250,000  27,600,000  21.300,000 


9.57 


8.14 


6.90 


5.SS 


5.00 


?  E  :  T  I  0 
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DEVELOPMENT  PLAN  FOR  SCALING  LP 


GILL  CARTRIDGE  MANUFACTURING 


X,  » 


MANUFACrCRING  SCALE-UP: 


Strategic  objectives:  World  class  aanufacturing  f acility/progran  scale-up 

to  20  MM  ft  /annua  by  isplecenting  CAD,  CAE,  GT  and 
CAD  to  CAM  linkage,  by  ioproving  product  prograc 
aanagement ,  by  concurrent  product  and  process 
engineering,  by  designing  for  (flexible)  manufactura¬ 
bility  ,  and  by  inpleaenting  standardized  design  pro¬ 
cedures.  -  World  Class  Mfg.  prograa  - 

Once  the  organization  is  put  in  place  to  adninister 
iEplementation  of  the  vorld  class  aanufacturing  program, 
it  will  be  necessary  to  track  and  control  the  prograa 
inpieeentation  via  project  eanageaent  software.  There 
are  cany  suitable  persoival  cociputer-based  project 
aanageeent  control  systecs.  It  is  essential  that  the 
software  systeas  be  capable  of  easily  and  quickly 
highlighting  the  critical  path  in  the  overall  prograa 
at  any  given  point,  ("ith  shift"  is  a  highly  recc?is:ena- 
ed  package). 

STAGES 

Initial 


I.  The  initial  stage  (current-yr  1)  can  be  characterized  as  follows:  production 
set  ups  are  exceed iivtly  long  -  ssny  hours  in  fact  for  both  ses^rane  and 
cartridge  production. 

-  Annualized  raw  tiaterial  and  work  in  process  inventory  turns  would  amcunt 
to  less  than  6. 

-  Operations  Inefficiencies  include  inventory  buffers,  loosely  coupled 
production,,  and  excessive  slack. 

Supplier  involvescnt  is  present  particularly  for  conceptual  scale-up 
on  iterr^rsnec  hut  not  on  the  close  basis  needed  lorg  ietsi.  little 
linkage  at  present  io  other  supfiiers,  plastics,  rssics,  .lEt-tals,  etc. 


Equipcent  preventive  caintenance  progras  needs  to  be  installed  - 
currently  "fix  it  when  it  breaks”  prevails. 

Total  quality  control  prograa  conceptually  aware,  but  tools  need  to  be  put 
into  place  to  iaplecent  saae. 

The  computing  environnent  is  batch.  Many  paper  reports  but  little  tiaeiy 
feedback  on  operations. 

Cooputing  equipaent  is  spotty..  A  few  personal  cocputers,  and  a  few  soft¬ 
ware  packages. 

DataBase  Hanagenent  Systecs  and  DATA  processing  capability  are  weak. 

CAD/CAE  Systec  use  is  not  in  place.  Geosettic  part  data  on  the  drawings 
in  both  sanual  and  cosputer  codes.  Part  drawing  still  master  part 
definition,  ie.  not  Integrated  with  business  systems. 

Factory  local  networks  data  -  collected  on  shop  floor.  So  CSC  controlled 
production  equ.';'°aent  connected  yet. 

Ail  quality  costs  really  not  measured,  probably  30X.  Need  to  recognize 
necessity  of  four  Feigenbauc  Model  costs  -  prevention 

appraisal 
internal 
-  external 

Linited  incoaiiig  sample  inspections  and  aaterial  review  cocaittees 
utilized. 

Preventive  maintenance  education  needed. 

Product  and  Process  Design  involvement  as  well  as  knowledge  of  TQC  is  very 
little.  Education  lacking  in  SQC,  Taguchi  Methods,  and  Quality  Function 
DepioytEer.t  - 

Role  of  Technology  in  attaining  quality  is  priaariiy  limited  to  mechanical 
gauges,  dye  testing,  visual  inspections  and  test  fixtures,  but  some 
initial  use  of  computers  and  software  -  driven  process  contrcl/quality 
equipment  installed.  Software  is  utilized  to  capture  quality  data  for 
analysis.  Process  monitors  are  prograsnaable  and  could  be  readily 
automated. 


II.  Years  2  -  Years  3 


After  considering  all  Che  hov->do's  and  Cools  to  laplesent  in  support  of  the 
eanufaccuring  and  business  scracegies  (see  appendix  A)  and  a  teas  of 
experienced  personnel  has  been  assenbled  into  a  planning  cask  force,  Che 
specific  taanuf securing  projects  need  to  be  identified,  prioritized, 
scheduled  and  cosc/benef its  suxcDarized.  This  should  be  done  during  Year  one. 

Project  descriptions  of  this  sort  are  extrecely  detailed  and  beyond  the  scope 
of  this  report,  but  a  careful  listing  of  all  the  assuoptions  which  AMT  con- 
considers  iaportant  for  world  class  manufacturing  of  its  eenbrane  cartridges 
are  contained  in  the  accompanying  report  dealing  with  projected  rough  order 
of  magnitude  product  costs.  This  implementation  stage  of  scale  up  to  world 
class  manufacturing  status  will  be  characterized  by: 

-  Production  sec  ups  reduced  in  pilot  attempts  by  at  least  30Z. 

>  Annualized  raw  material  and  work-in-process  inventory  turns  move  towards 
12-15. 

-  Operations  inefficiences  attacked  via  established  programs  in  many 
areas. 

-  Key  suppliers  involved  to  the  point  where  inspectionless  receiving  can 
l*s  started  with  some  qualified  suppliers. 

-  Equipment  run  at  below  rated  speeds  with  workers  in  charge  of  light 
machine  maintenance.  Preventive  maintenance  structurally  built  in. 

-  Total  Quality  Control  program  implemented,  tools  in  place  and  integra- 
tiOit  with  JIT  occuring. 

-  The  computing  environment  includes  daily  batch  updates,  with  on  line 
inquiry  status. 

-  Cospucing  equipment  proliferated  thruout  facility  including  relevant 
hardware,  applications  software,  and  telecommunication  networks. 

-  Database  Management  Systems  and  DATA  Processing  Power  (from  work  stations 
to  MICROS)  iastwiled.  Utilization  of  intelligent  processing  power  from 
oaiofras&es  to  MICROS  to  include  DBMS  and  DATA  dictionary  use. 


CAD  Systeas  used  for  drafting,  and  CAD/CAE  Systsns  standardization 
eoerging-  Soae  CAD/CAE  Systeas  used  in  design  and  analysis,  work  cell 
device  prograaing.  Electronic  geonetric  part  descriptions  replace  part 
drawing  aaster  part  definitions.  Technical  coaputer  systeos  integration 
with  business  systems  initiated. 

Factory  local  area  networks  include  CSC  -  controlled  prodwCtion  equip- 
Bsent  and  DSC  networks  via  MAP  or  proprietary  networks  atteapted. 

Quality  costs  fully  recognize  all  four  Feigenbaua  aodel  costs.  Costs 
as  a  I  of  sales  reduced  to  13-20Z. 

Supplier  certification  for  quality  permits  inspectionless  receiving. 

Preventive  Maintenance  Program  firmly  established.  Machines  run  at 
or  below  rated  speeds. 

Teamwork  established  between  product  and  process  design. 

Role  of  Technology  now  expanded.  Use  of  CAD/CAE  in  design,  use  of 

CIM  technology  and  software  to  compare  manufacturing  process  results  with 

product  and  process  design  data. 


III.  YEARS  -  5 


During  this  final  phase  of  scale  up  the  Cospany  will  progress  to  full 

iaplesentation  of  JIT,  full  integration  of  CIM,  and  full  conncctioa/inple- 

eentatioo  of  TQC. 

-  Production  set  ups  reduced  froc  original  at  least  by  75Z,  sosse  areas 
as  high  as  90Z  -  aany  set  up  in  oinutes. 

-  Annualized  raw  ai\terial  and  work  in  process  inventory  turns  20-25 
overall,  40-50  ic  sose  lines. 

-  Operations  inefficiencies  attacked  in  all  prograns.  reductions  wide¬ 
spread. 

-  905!  of  suppliers  certified  for  Inspectionless  receiving,  nunber  oi 
suppliers  reduced  to  sinieus. 

-  Preventive  saintenance  a  necessity  of  JIT  and  beco&xng  fully 
practised. 

-  Total  Quality  Control  prograo  an  equal  partnei-  of  CIM  and  JIT. 

-  Cooputing  environaent  on  line  interactive  with  real  tiee  updates. 

-  Coeputer  equipeent/electronic  links  to  supplier/ custccers  fully 
established. 

-  Several  DBMS  but  one  logical  integrated  DATABASE  design  with  usa  of  a 
standardized  data  dictionary. 

-  Geographic  and  hierarchical  dispersion  of  intelligent  processing 
power. 

CAD/CAE  fully  integrated  for  design  and  work  cell  device  prograrsing, 

electronically  linked  to  bill  of  aaterial  and  process/routing  (HA?) 
and  other  business  syteas. 

-  Fully  integrated  factory  LAK  using  latest  MAP  specification  or 
proprietary  network  for  scheduling,  quality,  process  control, 
preventive  oaintenance,  and  oacerial  Dovesent. 


Quality  costs  as  a  Z  of  sales  reduced  to  1  -  5Z. 

Long  ters  partnerships  (sole  sources)  established  for  high  quality 
suppliers. 

Product  and  process  design  requires  design  quality  integrated  with 
TQC. 

All  eoployees  trained  in  Design  for  Quality,  Taguchi  Methods,  and 
SQC, 

Role  of  Technology  (CIX)  plays  an  inseparable  role  with  people 
in  procoting.  ceasuring  and  ensuring  quality. 


KSTAIU.ISH  WORLD  CLASS  MANUKACTUK I NC  I’ROCKAM  FOR 
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